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The concept of using dissimilar materials in modern engineering applications is 
expanding in both theoretical and practical applications. This concept is motivated in 
response to strict regulations and standards that limit the amount of harmful emissions, 
and to includes reductions in the rate of fuel consumption in applications such as: cars, 
aircraft, or ships. This concept includes the use of hybrid materials that have relatively 
different physical properties, such as composite materials and metals. The use of 
composite materials, such as carbon fibre, is inevitable in future applications, and this 
is due to the increase in the understanding of carbon fibre properties through 40 years 
of investigation. However, despite the exceptional characteristics of carbon fibre, it 
has only been industrially introduced in recent years. The reason may be the fear of 
having to learn new methods with regard to material failure or leaping into the 
unknown for a new industrial era, or perhaps the high cost of the carbon fibre compared 
to other conventional metals. The first signs of this transition were the Boeing 777, 
followed by the 787-series aircraft with more than 50% carbon fibre used in its 
structure. The success story in these mass-scale and critical applications unleashed 
more areas of possible uses, especially with the advancements of carbon 
manufacturing methods and the low cost of manufacturing as well as the tendency of 
many industrialists towards this promising field of investment. This wide spread of 
carbon fibre technology has posed new challenges for the possible uses with metal 
hybrid structures, such as Aluminium. At this point, the rising question is what the 
properties of carbon fibre reinforced polymer composites are when bonded with 
Aluminium (specifically thin sheet aluminium). This becomes a serious problem with 
the knowledge around traditional methods of bonding failing to provide adequate 
solutions. Eventually this led to the use of adhesives for many factors, including the 
ability to connect different materials, even stress distributions, allowing modern and 
more streamlined designs to be introduced and many more. Despite the excellent 
properties of bonding with adhesive materials, there are many things need to be 
thoroughly investigated regarding the ability of these adhesives to withstand the 
environmental changes throughout their period of operation. These questions worry 
researchers and industrialists alike because of the absence of reliable databases or the 
scarcity of data that can be circulated in a reliable manner as accurate and real 
specifications. From this point of view, the current research highlights several factors 
that affect the efficiency of adhesively bonded joints between carbon fibre and 
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Aluminium. Specifically, Ultra-Violet and associated heat as well as the most 
important surface treatments and their potential effects on bond strength and the 
fracture mode. 
Any attempt to study the effect of radiation caused by exposure to the sun is considers 
as a complicated challenge for researchers because of the difficulty of obtaining 
qualitative and quantitative results and to make qualitative comparisons. The attempt 
to understand the effect of the extent of radiation that causes most of the damage to 
the physical and mechanical properties of substances is confronted by the determinants 
that must be considered as well as the other mechanical determinants that can greatly 
result in dispersion of results. Then trying to assume that the elusive results of practical 
experiments can represent future extrapolations can be difficult and not rational in the 
long term. The main reason is that the impact of the ultraviolet radiation on a material, 
which represents the radiation that produces most of the damage, can change with 
exposure durations, radiation intensity or even other factors such as heat associated 
with radiation. The value of dosages that cause most of the damage can be designed 
and delivered through environmental accelerator chambers with use of an acceleration 
factor. The radiation exposure conditions can be simulated from a few hours to several 
years easily, taking into consideration that the dosages must be calculated to simulate 
the reality of some geographical regions based on accurate statistical data.  
Approximately 400 different tests were performed during this thesis. It differentiated 
between static and dynamic tests to assessing the strength of CFRP/ aluminium single 
lap joint, further tests were carried out to of both carbon fibre sheets and adhesive to 
demonstrate the extent of UV impact on mechanical and chemical properties. These 
tests are pure pull shear, tensile and 3-points bending tests.   
The results have shown dramatically that there is a negative impact of UV rays on the 
stress load of the single lap adhesive joints either by increasing the time or by 
increasing the intensity of the radiation or by increasing the temperature associated 
with solar radiation. The strain values varied between different types of specimens. 
Where in the case of CFRP/Al single lap joints, there are a clear decrease in the strain 
values by increasing the intensity and time of radiation while the temperature results 
in  higher impact on the strain values. On the other hand, it became clear through 
practical experiments and mechanical analysis that the fatigue life is relative to both 
the increase of exposure time or increase the intensity of irradiation, and at a higher 
rate, the fatigue life is reduced by increasing the associated temperature. In all of the 
above cases, the most important results of the current research were to produce a 
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precise and focused characterization of the impact of UV rays on the fracture modes 
of the different types of the tested samples. The fracture patterns are the result of 
changes in the surface and the chemical composition of the various substances, as 
indicated by the SEM-EDS examinations . One of the main highlights of the current 
research is the isolation of the variables that may lead to the dispersal of results. For 
this, before any of the experiments were carried out, the most important variables 
indicated from the previous research were the influence of neglecting the surface 
treatments. The current study therefore is the first to give a precise description of the 
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1. Introduction  
n this chapter, general background will be given as well as the motivations and 
importance of the current work. Later the thesis layout will be explained to 
highlight the different chapters in the current research work.  
1.1. General Background and Motivations.  
Driven by the enormous challenge of reducing emissions and energy usage during 
operation, the automotive and aerospace industry sectors have investigated utilising 
advanced lightweight materials for parts and assemblies. This has triggered 
investigations targeting the joining of differing materials, especially composite 
materials with metals components. The use of composite materials, such as carbon 
fibre reinforced polymers, is inevitable in future industrial applications due to the 
tremendous weight savings that can be achieve by composites. However, despite the 
exceptional characteristics of carbon fibre, it has only been industrially introduced in 
recent years. The reason for the hesitation in using carbon fibre composites is due to 
several reasons. First, carbon fibre composites fail in a different way to metals. Second, 
recycling continues to be an issue for carbon fibre composites. Finally, carbon fibre 
composites are much more expensive than traditional metals. If weight savings become 
the paramount reason for change, then carbon fibre may become the dominant material 
for future applications. Therefore, there is an urgent need to understand the properties 
of adhesive joining in future structures, and the possibility of using adhesive joints in 
critical locations. Traditional joining methods have critical problems, such as the stress 
concentration at the edges of holes in bolted and riveted joints, and the lack of ability 
for thin members to resist peeling and tearing stress (at the carbon fibre side). 
Moreover, thermal-based bonding techniques are typically not used to join composites 
materials to other metal components. As a consequence, the adhesive joint would seem 
a more acceptable method than the traditional one. There are two points through which 
the quality of the adhesive joint can be judged. The first point is the amount and type 
of the stresses that the joint can withstand. The second point is the fracture mode, 
which is particularly important when one end of the joint is formed of composite 
materials such as carbon fibre. The unique fracture pattern shown in composite 
I 
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materials requires attention in particular as controlling the fracture pattern is one of the 
greatest challenges facing researchers in this field. In lightweight aluminium and 
carbon fibre constructions, using adhesively bonding techniques with the improved 
material properties of the available structural adhesives may become an alternative 
method to be applied in not only joining, but also strengthening such structures and 
providing less noise and more vibration isolation for the overall structure. However, 
despite the advantages of adhesive bonding techniques, structural designers are still 
not able to use it widely in their practical applications because of the doubts regarding 
the verifiability of bonded joints. This is mainly because of the lack of standards for 
verifying such joints in these applications and because of the lack of data describing 
the loss of strength and durability of adhesive materials due to the environmental 
effects, such as: temperature, sunlight exposure, humidity, and long-term loading. The 
contribution presented by this thesis aims to investigate the influence of sunlight on 
the single lap shear adhesively bonded joints used extensively in lightweight 
aluminium and carbon fibre structures.  
 
1.2.  Thesis Objectives.  
Carbon Fibre Reinforced Polymers (CFRP) are considered a superior material with 
directional (orthotropic) characteristics. These superior properties are contrasted by 
adverse directional properties of the CFRP. Therefore, it is more meaningful for 
CFRPs to be used along with other metal components to attain structural rigidity in 
many applications including automobile and aviation. Assembling composite 
materials with metal components requires bonding methods that depend on surface 
attraction rather than traditional welding or riveting methods. Adhesive joints however 
have some limitations regarding environmental degradation during their working life. 
Therefore, the main objective of the current study is to investigate the impact of two 
environmental aspects, ultra-violet exposure and associated temperature, on the 
strength and fracture modes of single lap joint of composite material and metal 
components. The lap joint needs to be consistent and so the investigation needs to 
separate out the effects of the surface and surface treatments of the two joining 
materials from the environmental effects. Therefore, an important part of the current 
research is devoted to avoiding this interference by choosing the most appropriate 
method to ensure the stability of the bond such that one can neglect the effect of surface 
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treatment in the subsequent. Therefore, the main aim of the research can be stated as 
follows: 
How does the adhesive joint perform after exposure to a range of UV levels and 
intervals under static and dynamic loads, equivalent to long term environmental 
exposure? 
Then the following specific objectives can be taken from main question as follows: 
1- Study the influence of different surface treatments on the joint strength and 
fracture modes. 
A large number of studies have focused on the study of the influence of 
environmental factors in isolation from appropriate surface treatments. The 
effect of the surface on the joint cannot be separated from environmental 
effects. There are many surface treatments can be used to modify the surface 
of the substances to improve the joint performance regarding the loading 
capacity and fracture mode. Methods with fewer chemical hazards will be used 
in the current investigation to meet with modern regulations to reduce harmful 
steps in modern green technology application. Therefore, the mechanical 
surface treatments will be introduced for the metal components, while the laser 
surface treatment will be investigated for the composites. This step aims to 
reduce the influence in the results from surface treatments, and thus the results 
in the subsequent steps will be isolated from this effect. 
 
2- Study the impact of UV exposure time on the joint strength and fracture modes, 
as well as on the adhesive material and CFRP.  In this step, three different 
layups setting of the CFRP will be studied. Each layup settings were exposed 
to three different durations of UV exposure to determine if the time factor 
influenced the chemical composition as well as mechanical properties. The UV 
dosage delivered in the acceleration weatherometer chamber will be designed 
to reflect 8 months of UV dosage based on the UV levels of Victoria-Australia.   
3- The influence of the UV irradiation level (UV intensity) is one of the critical 
factors that affect the adhesively bonded joints. To attain this goal, three 
different stackings of the CF will be used and exposed to a higher level than 
used in Step 2 for the same exposure durations. Then some comparisons 
between the baseline and the results from Step 2 will be conducted.  
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4- In many engineering applications, failure occurs largely because of dynamic 
loads mainly. Most failures occur in loads less than 30% of the maximum static 
load that can be experienced by these applications. This gives sufficient 
justification to the urgent need to test the impact of environmental factors on 
the operational life of these applications. The fatigue behaviour is one of the 
main objectives in the current research. The durability of the adhesive joint is 
evaluated in term of UV exposure influence, loading parameters with respect 
to the surface treatments. Constant amplitude waveform loads will be used, and 
the results compared to the static tests, where the fracture modes and strength 
will be investigated.  
 
1.3. Thesis Layout  
The current thesis is constructed to explore the latest knowledge about adhesively 
bonded joints in modern engineering applications. Figure 1. 1 shows the main structure 
of the thesis.  
In Chapter 1, a brief introduction and motivation behind the problem is presented, as 
well as a general background, main objectives of the thesis and thesis layout.  
In Chapter 2, the literature review of the adhesively bonded joints and the influence 
of environmental conditions is introduced based on the recent knowledge and 
information. Thus, the gaps in the knowledge are outlined, then the general and 
specific objectives for the current research are defined. 
In Chapter 3, describes and justifying to the methodology and the apparatuses that 
will be used to achieve the research goals. This chapter provides information about 
specimen preparation and specifications. Furthermore, test procedures and brief 
description of the standards that will be used to quantify the research results. 
In Chapter 4, the effect of surface pre-treatments on the strength of bonding and the 
type of fracture will be studied and analysed based on the ASTM standards. The 
mechanical surface treatments for the Aluminium surface were adopted, while a laser 
was used to conduct surface treatments on the carbon fibre surface. The surface 
treatment methods have been chosen as an easy, clean and practical alternative that 
does not include chemical treatments, thus minimizing the environmental risks 
resulting from the use of chemicals. The samples were prepared according to ASTM 
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standards and subjected to static loading conditions with different loading rates and 
curing times. The results are presented and evaluated against previous studies. 
In Chapter 5, the impact of the ultra- violet (UV) exposure time is investigated. Three 
different types of test are used in this section: CFRP/ Al single lap joints (three 
different orientation of CFRP), CFRP tensile samples (three CFRP layup settings) and 
three points bending tests of adhesive materials. The results from each category of the 
samples are carefully analysed and fracture modes and stress conditions are evaluated 
as function of the UV exposure duration.  
In Chapter 6, a comparison is made with the results in Chapter 5 with regards to a 
range of ultra-violet irradiation levels. The main reason is to study the impact of the 
UV intensity on the three types of samples. The outcomes from this step will be used 
with the results from the previous step as well as with the baseline. This includes stress 
conditions and fracture modes. 
In Chapter 7, the temperature associated with the UV exposure levels are investigated 
for three different UV exposure times. The results used to make comparison with the 
results from previous two chapters as the UV intensity is fixed to study the temperature 
variation impact only. This includes stress state and fracture modes.   
In Chapter 8, the dynamic loading of CFRP - Aluminium single lap joints will be 
investigated. Constant amplitude fatigue load is adopted. Several variables included in 
this study, such as the effect of changing the mean load value and the loading 
frequency, consider the effects on the fatigue life of the joint. Subsequently, the effect 
of solar radiation (UV) with its various factors such as exposure duration, exposure 
intensity and associated temperature will be determined. The effect of these different 
factors will be linked to the previous chapters’ observations, and to show the difference 
between the static loads and the dynamic loads.  
In Chapter 9, recommendations are given in this chapter with final remarks and future 
perspectives on the possible trends in scientific research based on experiences gained 
during the research period. Moreover, a general outline of the main contributions of 











Figure 1. 1. The thesis layout. 





Chapter Two   
 
2. Degradation of Adhesively bonded joints due to 
environmental conditions.  
 
he first chapter discusses the importance of the current research and the 
research objectives based on the urgent need to provide a broader and more 
comprehensive understanding of the effect of operational factors on the 
efficiency of bonding with adhesives materials. Very many investigations and studies 
have dealt with this subject over the last 50 years. Therefore, an acritical review of all 
these researches is not possible and is not required. As a result, in this chapter, attention 
has been focused on researches that are relevant and compatible to the current research 
objectives. Through a critical review of the scientific efforts, the gap in the knowledge 
can be defined and the research plan can be designed and implemented. This literature 
review can be divided into the following main sections.  
2.1.General introduction to the adhesively bonded joint in modern application  
2.2.Surface treatments influence on the joint performance  
2.3.UV influence on different material properties  
2.4.UV influence on the fatigue performance of a single lap joint 
 
2.1. General introduction to the adhesively bonded joint in modern application.  
In the following sections, a general introduction about the role of adhesive joints in 
modern applications will be presented and the contribution of adhesive technology to 
weight reduction and joining of dissimilar materials will be discussed.  
2.1.1. Weight reduction of modern applications.  
Despite the success of the aviation world in reducing the weight of aircraft to a large 
extent as in Boeing 787- Dreamliner shown in Figure 2. 1, the picture may look very 
different in the world of the automotive industry. The credit of the success of designers 
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and manufacturers in the world of the aircraft industry is to take practical steps to 
incorporate lightweight materials in the basic areas and comprehensively in their 
designs and this forces them to use unconventional joining methods in these parts 
based mainly on adhesives. While the failure to reduce weight in the automotive 
industry is attributable to the consideration of the cost mainly in manufacturing and 
the pressure of competition to provide cars with high luxurious standards and 
assertions to attract the attention of buyers. Therefore, we note, despite all the efforts, 
that the weight of the common models is increasing as shown in Figure 2. 2 which 
shows a chart for 20 years of different types of well-known car brands. 
 
Figure 2. 1. Boeing 787 story of weight reduction [1] 
 
Figure 2. 2. Weight of common models of cars in last 20 years 
This gives the impression of the need to provide researches and studies on the use of 
composite materials such as carbon fibre in automotive applications, especially with 
technology that is less expensive than its counterpart in the aircraft industry. In 
particular, the provision of means of joining to ensure the maintaining of the same 
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safety standards with the inclusion of basic goals such as weight reduction, safety 
standards, acoustic insulation and resistance to different operational factors will be 
inevitable. 
In general, the questions now are how and where to achieve the maximum possible 
weight reduction in car structures. Roth, R., Clark, J. & Kelkar, A. [2] suggested 
that weight reduction should occur in areas that represent the highest car weight as in 
Figure 2. 3. It was suggested that weight reduction should be in the Body- In- White 
(BIW) or the chassis and outer panels generally as they represent the highest values of 
total car weigh. 
 
Figure 2. 3. Weight distribution percentage for a sedan car  [2] 
Therefore, successfully reducing the weight of a modern structure is not an easy 
procedure because it calls for precise planning and optimal selection of the materials 
and the necessary equipment to assemble different materials [3-6]. A representative 
amount of the engineering materials is being presented to be a successful alternative 
to achieve successful weight reduction in automotive structures. One of the most 
receptive materials is carbon fibre reinforced polymers (CFRP) because of the 
difference from other engineering materials in the strength / weight ratio. Carbon fibre 
is 60% lighter than steel and 40% lighter than aluminum with extensive higher 
engineering properties than steel and aluminum. Despite the excellent properties of 
carbon fibre compared to other metals and engineering materials, the high cost and 
low relative rigidity prevent it from being used alone in the main structure of the 
commercial vehicles. Therefore, the presence of metals such as aluminum becomes 
inevitable because it gives the structure higher stability and better resistance to shocks 
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as well as reduction in the total cost. Therefore, based on the future vision, carbon fibre 
and aluminum will be the ideal mix in many future engineering structures. 
The most important thing which is more than to determine the materials that can be 
used in weight reduction, is how we can use these dissimilar materials within the 
structure made of a variety of engineering materials? The answer comes through 
adhesives bonding technology. The technology available behind the adhesives allows 
a wide range of successful solutions to reduce weight with high ability to assemble a 
wide range of the materials that are largely divergent in their properties to produce 
promising and advanced engineering designs.  
2.1.2. Joining of dissimilar materials in engineering applications.     
Joining dissimilar materials is mind confusing process especially when the whole 
structure safety and durability depends on these critical joints. It is well known that  
the joints are a proven source of weakness and extra weight [7]. Therefore, multi-
material joining methods have had to reflect substance characteristics. In other words, 
the properties of the materials had to be considered when selecting the joining 
methods[8]. Dissimilar physical characteristics and variation of mechanical properties 
such as thermal expansion, the modulus of elasticity, electrochemical and stress 
transition through the materials are significant factors that affect the joint strength [9]. 
Many methods are used for joining different materials such as the carbon fibre (CFRP) 
and other metals are introduced. These methods can be split into mechanical, thermal 
and adhesive joining techniques. By using the mechanical joining approach, linkage 
devices like rivets or bolts are usually used.  
















Figure 2. 4. Current mechanical joining methods in car structure 
 
Figure 2. 4 explains the mechanical methods currently used in auto manufacturing. 
Thermal joining techniques were more attached to the physical properties of the 
substances. In other words, they were more attached to their behaviour during the 
melting phase of the bonding process [10]. The thermal joint can be achieved by either 
welding, stir welding, friction welding or by using a laser beam. Figure 2. 5 shows the 










Figure 2. 5. Thermal methods of joining the dissimilar materials in car structures 
Bolts
• Regular bolt and nut 
• Self piercing scerw 
Rivets
• Regular riveting
• Self piercing riveting
Modified
• Modfied head riviets, bolt , washer and nut 
• Modified staples  






• Friction spot welding 
Laser welding
• Liner laser welding 
• Spot laser welding 
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The adhesive joints methods are considered one of the alternative choices regarding 
energy saving, cost and weight reduction. Moreover, the adhesive joint showed 
exceptional properties regarding the isolation, vibration and noise reduction in terms 
of the Noise and Vibration Hazard (NVH) tests [11]. However, the adhesive joining 
techniques encountered obstacles related to the flexibility of disassembling, 
environmental factors resistance and joint durability [12]. Figure 2. 6 shows the areas 
where the adhesive joining is used in the car structure. It is apparent the adhesive joint 
was used in about 50-80% of the total joining methods in the core construction of the 
car structure in association with other traditional methods. It is anticipated this 
percentage will grow in the next few years if the adhesive materials and joining 
techniques continue developing. 
 
Figure 2. 6. Adhesive joining methods of dissimilar materials in car structures.[13] 
The new adhesively joining techniques should meet certain standards such as speed, 
effectiveness and low cost from an industry perspective. Nevertheless, this does not 
imply these methods neglect other considerations like safety and joint strength 
capability.  In the following sections, more emphasis on the factors which affect the 
adhesive joint performance of CFRP to other metals will be presented.  
2.1.3. Adhesively bonded joint.  
For modern structural application that consist of dissimilar materials, the adhesive joint 
provides many advantages. The main advantage is the uniform stress distribution 
compared to traditional joining methods that consist of using rivets, bolts or screws as 
in Figure 2. 7. This is mainly due to the presence of the holes which cause stress 
concentration and eventually leads to crack formation and propagation. This type of 
failure is highly costly compared to the fracture types that might occur in the adhesive 
joining technique.  




Figure 2. 7. Stress distribution: (a) conventional method, (b) adhesive method  
Other advantages are making the adhesive joint more acceptable to utilize the 
composite materials. This comprises the similarity in the chemical compositions with 
the adhesive materials generally and this could generate better molecule diffusion and 
chemical attraction.   
2.1.4. Theoretical analysis.  
To complete the research objectives, it is important to display the theoretical side and 
special equations to calculate the stresses of the various samples used in the current 
work. Therefore, the most important analysis theories of samples and the nature of the 
loads affecting them will be reviewed. 
2.1.4.1. Single lap joint subjected to shear stress.  
In terms of closed-form solutions it all started back in the 1930s with the simple 
classical analyses of Volkersen [38], Goland and Reissner [39], and Hart-Smith [40]. 
Starting with Volkersen in 1938, he introduced the concept of differential shear     
(Figure 2. 8) assuming that the adherents are only deformable in tension and the 
adhesive only in shear, which did not take into account the bending and shear effects 
of the adherents that could be important in the joint that consist of composites [2].   
For single lap joint as shown in Figure 2. 8 subjected to axial loading, the load force 
can be calculated by:  
𝐹𝑎 = 𝜏𝑦. 𝑤. 𝑙…………………………………..….(2.1) 
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where: (Fa) is the load to failure. (τy) is the adhesive material yield stress, (w) and (l) 
are the width of the joint and the overlapping length respectively. 
 
Figure 2. 8. Single lap joint configuration and dimension.  






Where (ts) is the substrate thickness (CFRP or Al). While the stress at the inner surface 
of the adherent (σs) due to the bending moment (M) can be calculated by: - 




where (M) is the bending moment and can be calculated by (M = kFts/2) based on 
Goland and Reissner [14]. k represents the bending moment influence. k is used as a 
factor for the possible rotating in stress due to pull off loading. The overall stress acting 
on the adherents and adhesive material is the sum of direct stress (shear stress 
generally) and bending stress due to irregularity in responses to the loading regime. 





(σys) is the yield strength of the adherents. In some particular cases, (k) can be 
approximately equal to 1 for low loading condition or short overlapping [15]. Then the 
previous equation can be stated as follow:  







If the overlapping length is long compared to the adhesive thickness (l/ts ≥ 20) then 
the (k) become relatively small and approaching to zero, then the previous equation 
becomes: 
𝐹𝑠 = 𝜎𝑦𝑠 . 𝑤. 𝑡𝑠…………………………(2.6) 
It is right to mention that the adherents will not show any yield response as long as Fs 
> Fa. This is true as long as the adhesive materials have higher shear strength only, 
this means that the overlap length should be always under a certain limit depending on 
the adhesive material properties as this is well discussed by da Silva [15].  
2.1.4.2. CFRP subjected to tensile load.  
To calculate the tensile stress (tensile strength) of the CFRP samples (Figure 2. 9), 
the dog-bone shape was used here to control the fracture area[16, 17]. we the aim of 
the current study is to demonstrate that the UV ray could shift the fracture mode 
because if the ASTM D3039 applied, then possibility to see some fracture at the tabs 
or out of effective length area[18]. we need to calculate the ultimate tensile strength 
(UTS) in this case, because the CFRP does not show a yielding region. Then the 
following equations can be used: 
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𝐹𝑡𝑢 means the ultimate tensile strength (Mpa),  𝑃𝑚𝑎𝑥 maximum force before failure 
(N), 𝜎𝑖 is the force at ith data point (N), and A is the average cross-sectional area of 
the samples (mm2).  






𝑖 is the tensile strain at ith data point (𝜇 ), 𝛿𝑖 is the extensometer displacement at ith 
data point (mm), and 𝐿𝑔 is the extensometer effective gauge length (mm).  







𝛾 is the poision’s ratio , ∆ 𝑡 is the difference in lateral strain between the two 
longitudinal strain points (𝜇 )( refer to [18]), and ∆ 𝑖is the difference between the two 
longitudinal strain points also explained in the same previous reference.  
For the accuracy of the calculations, some statistical methods need to be used  
?̅? = (∑ 𝑋𝑖
𝑛
𝑖=1
) 𝑙𝑛 … … … … … … … … … … … … (2.11) 




− 𝑛?̅?2)/(𝑛 − 1) … … … … … . . (2.12) 
𝐶𝑉 = 100 ∗ 𝑆𝑛−1 /?̅?…………………………………(2.13) 
where:  
?̅? is the sample mean (average); 𝑆𝑛−1 sample standard deviation; 𝐶𝑉 is the sample 
coefficient of variation; 𝑛 is the number of specimens; and 𝑋𝑖 is a measured or derived 
property.  
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2.1.4.3. Three points bending adhesive sample subjected to flexural stress.  
For three points bending samples made of adhesives material as in Figure 2. 10 then, 
the flexural stress (𝜎𝑓) can be calculated by equation 2.14. 
 




………………………………………….(2.14)     












σf = stress in the outer surface at midpoint (Mpa), F = load at a given point on the load-
deflection curve (kN), L = support span (mm), b = width of beam tested, mm, d = depth 
of beam tested (mm), εf = strain in the outer surface (mm/mm), D = maximum 
deflection of the center of the beam (mm),  
Arithmetic Mean should be calculated for each series of samples then the standard 
deviation should be calculated as in equation 2.17 so later the error percentage can be 
reported.  
𝑠 = √(∑ 𝑋𝐶2 − 𝑛𝑋2̌)/(𝑛 − 1)………………………………………..(2.17) 
Where: 
(𝑠) is the estimated standard deviation, (𝑋) is the value of single observation, while 
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2.1.5. Factors to choose adhesive materials.   
A lot of effort is usually made to choose the suitable adhesive material to bond two or 
more similar or dissimilar materials. The strength resistance can be the most important 
factor in determining the type of adhesive appropriate for a certain application. It can 
be pointed out that the adhesive strength should be equal to or higher than the strength 
of the weaker material to be glued. Another factor that can be considered is the 
adhesive resistance to various environmental factors such as heat, humidity and solar 
radiation. In addition, the ability of adhesives to physical interference or chemical react 
with adherents is an important factor to be considered as well. The compatibility of the 
adhesive with the surface treatments of the adhesive material is considered as a key 
factor in the choice of adhesive material. Other possible factors determine the type of 
adhesive such as configuration and dimensions of the adherents. It is certain that the 
availability of many types and different specifications of adhesives to perform the 
same purpose affect their selection, comparison with prices may be another factor 
which must be taken into account when choosing the adhesive. All of the above factors, 
in addition to many other factors, can be classified as essential factors for the choice 
of adhesives [19]. 
2.1.6. Adhesives bonding mechanisms.   
There are many mechanisms behind the bonding process, each type of bonding process 
relying on the methods that the adhesive material is attracted to the adherent’s surfaces.  
Figure 2. 11 [20] shows theses different theories. Due to an electrical and electronic 
mechanism, the bonding results from electrical charge attraction and therefore 
electrical bonding occurs, as a result special surface treatment is required by modifying 
the adherent surface to have more ability to form the electrical bonding. In the case of 
a chemical mechanism, the bonding occurs due to the ability of materials to form 
chemical bonds because of interactions at the atomic level (usually from the same 
group and highly susceptible to interaction). While the diffusion mechanism depends 
on the physical and chemical ability to dissolve on the Molecular level and to make a 
kind of unhomogenised phase of material, this could be the best type of bonding 
process and is in some ways similar to what happens in functionally graded materials 
(FGM). In the machinal interlocking mechanism, the bonding occurs due to the 
physical connections mainly as a result of surface roughness. Increasing the surface 
roughness can produce a better surface to made efficient mechanical interlocking, 
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However, other factors such as curing condition and viscosity of the adhesive material 
can play a significant role in mechanical bonding theory.  
 
Figure 2. 11. mechanisms of adhesive bonding. [20] 
2.1.7. Adhesive bonding terminology and definitions.  
It is good that at this point we give specific definitions of certain terms for adhesives 
technology. In this aspect, terms such as curing time, fracture modes and surface 
treatments may be repeated frequently so in subsequent paragraphs we will define 
these terms. 
2.1.7.1. Curing time.  
The time required for adhesives to switch from viscous (liquid) to full-hardening is 
known as the curing time. Depending on the type of adhesive, this period of time can 
take a few minutes to several weeks and can be carried out at room temperature or at 
high temperatures and constant pressure. Generally, in epoxy-based adhesive 
materials, the temperature can always be raised to a temperature close to the Tg glass 
transition temperature and for not less than five hours and then left to cool to the room 
temperature without being used for periods of not less than one week to be ready later 
for full use; see Figure 2. 12.  
 
Figure 2. 12. Typical curing phases for epoxy based adhesive materials.  








Phase 1 - Heat up  
Phase 2 –  Curing time  
Phase 3 - Cool down  
Phase 4 – Rest time  
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Curing conditions should be carefully considered to reach the optimum state in order 
to increase the joint strength. In many articles this issue is not in the focus of 
researchers’ interest as the main objectives have always been the test method and the 
optimisation of load conditions. This could be considered a gap in the review and a 
possible area for future research. However, the current research follows the best curing 
process that could be used in order to neutralise this factor when conducting further 
steps in this research.  
The optimum curing procedure and the factors affecting the adhesively bonded joint 
under fatigue loading were investigated by Z.J. Yang et al [21]. The authors studied 
the curing pressure, temperature and time as the main factors that might affect the joint 
fatigue life. They were able to introduce a curing scheme within the study range 
(adherents and adhesive material) and then the procedures for evaluation could be 
generalised for a further joint system. 
Two curing temperatures were used by T-C Nguyen et al [22] to test Double Lap Joints 
DLJ made of the CFRP. The outcomes indicate that the higher curing temperature can 
hold a load for a longer time than the samples cured at room temperature and had less 
residual stress values as shown in Figure 2. 13.  
 
Figure 2. 13. Ultimate loads of unloaded joints cured at different temperatures, tested 
(a) at 20 °C, (b) at 50 °C and (c) the residual strength of unloaded joints cured at 
different temperatures, tested at room temperature.[22]  
 
2.1.7.2. Fracture modes.  
Fracture in the adhesive bonding is an expected mechanism due to the applied load 
exceeding the adhesive bond force; it is important criteria by which judgment of 
the bonding quality can be made. Few combinations can result from adhesive 
bonding fracture modes, namely: adhesion, cohesion and mixed modes. If one of 
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the adherents is made of composite materials such as CFRP then another fracture 
mode can happen inside the CFRP.   
• Adhesion failure mode: 
The force that connects two different surfaces is known as adhesion force. The best 
strength is obtained when interference occurs at the molecular level between the 
two surfaces. This interface does not exceed the first few molecules in the best 
cases. It can occur as a result of increased interference through surface treatments 
and by increasing the surface roughness of the materials to be glued. 
In this case, if the two sides are separated without any residue on each other, then 
the failure can be defined as separatist or adhesion failure mode as shown in 
Figure 2. 14. It is the general trend of failure in the case of one of the surfaces being 
made of metals. Therefore, increasing the surface roughness and ensuring that 
there is no isolating layer due to oxidation is necessary in materials such as 
aluminium. 
  
 Figure 2. 14.Typical adhesion failure mode: (a) at the CFRP side and (b) at the 
aluminium side   
 
• Cohesion failure mode:  
The cohesion is the force that keep the particles of same material connected which 
results in keeping the mass of the material held together. This force is internal due 
to internal reaction at the molecular level in the materials. It can be enhanced by 
adding some additive materials such as Nano-Tube as in [23] or by controlling the 
shape of internal defects.  
In the case of failure occurring inside the adhesive material (initiation and 
propagation) then the failure can be called cohesion failure mode as in              
Figure 2. 15. 




Figure 2. 15. Typical cohesion failure mode in single lap joint.  
• Otherwise, mixed failure mode is the dominant failure mode usually in 
adhesively banded joints, which means a mix of adhesion and cohesion failure 
modes as in Figure 2. 16.  
• For the composite materials, such as CFRP, if the fracture happens inside the 
CFRP filaments or the matrix then three possible scenarios can be adopted as 
discussed by Liu. et al [24], see Figure 2. 17 namely: fibres damage, matrix 
damage and delamination damage.  
 
Figure 2. 16. Typical mixed mode failure of single lap joint: (a) inside the CFRP and 
adhesive material, (b) mostly inside the CFRP. 
 
 
Figure 2. 17. possible fracture modes in CFRP [24] 
Beside the CFRP damages modes described above, lately there is more concern about 
the interfacial damage between the CF filaments and the surrounded matrix ; this is 
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more attached to the internal structure of the CF filament as well discussed by  [25, 
26]; see Figure 2. 18. This is where the graphene formation inside the CF thread plays 
a significant role in the bonding force between the CF and surrounding epoxy-based 
matrix or epoxy-based adhesive materials.   
 
Figure 2. 18. CFRP molecules structure [25, 26] 
In this case, the chemical reaction and electrical activity of the graphite particles are 
the main factors that control when and how the delamination failure mode could 
happen. This point particularly is the reason that there is increasing attention about the 
environmental degradation mechanisms and their influence on the carbon fibre sheets 
stability under different operating conditions.  
2.2. Surface treatments.  
Surface treatments refers to all operations on the surface of the material to be joined 
to improve the efficiency of the joint. These processes include improved surface 
scalability in one or more of the following cases: increased surface roughness, surface 
cleanliness, surface susceptibility to chemical reaction, electrical interaction or surface 
susceptibility for partial or total replacement. These processes can be done through 
several important means including: mechanical, thermal, chemical, laser or through 
ultrasound techniques. 
These methods are explained in the subsequent paragraphs of this chapter, while 
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2.2.1. Factors affecting the adhesive joints.  
Many studies have addressed the factors that have influenced the efficiency of 
adhesives joints over the past decades. These factors are classified as in Figure 2. 19. 
Some of them deal with the impact of materials variation [27, 28]. Others were more 
focused on changing the dimensions and shape of bonded joints [15, 29, 30]. Other 
research is on the effect of surface treatments[31-33]. On the other hand, the operating 
conditions and environmental conditions factors influence on the efficiency of joint is 
discussed also [34-36]. 
There is a great concern that the mechanical performance of the adhesive joint may 
weaken due to environmental factors like heat and humidity. In this case, the area of 
interface between the adherents and the polymeric adhesives is likely to be vulnerable 
to such kind of environmental influence. Therefore, more attention is required. 
Multiple factors can take place in affecting the adhesive joint durability and 
performance under the ageing situations; these factors are summarised as in            
Figure 2. 19. However, among all the components, the environmental factors like heat 
and humidity or sunlight can be considered the greatest durability problem for the 
adhesive joint. The high humidity represented by water induces a negative impact on 
the joint durability, the water perhaps affecting the adhesive properties by decreasing 
the adhesive elasticity (plasticisation) and this will result in cracking of the adhesive 
layer. Moreover, the water can have an influence on the adhesive/adherent interface 
by shifting the adhesive properties, hydrating the CFRP surface or by oxidation of the 
metal surface. 
 
Figure 2. 19. General and sub-factors affect the adhesive joint performance  
In car manufacturing, selection of the materials are an important step to ensure that the 
material will stand up to the environmental factors that the materials and the joints 
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especially will be exposed to [37]. Here is where the materials selection is critical, 
because the adhesive selection is based on the car’s materials and working conditions.   
Overall, the adhesive joints are still considered an uncovered research area to engineers 
regarding the adherents and adhesive material behaviour under environmental 
degradation. It is known that the joints were tending to fail when exposed to extreme 
working conditions like engine oils, fuels and cleaning solvents. These conditions are 
generally all experienced in automobile's lifetime, therefore, many studies have 
already been conducted in response to this situation.  
Wylde and Spelt [38] used open-faced specimens to accelerate aging in an 
aluminium/epoxy double cantilever beam. ‘Open-faced’ double-cantilever-beam 
fracture specimens were prepared by applying adhesive to aluminium plates and, after 
curing, exposing them to a range of temperatures and humidity. The aim of the study 
is to investigate the impact of high temperature and humidity on the adhesive material 
and finally on the joint’s mechanical properties. The main outcome of this study was 
the wet-state shows a plasticization effect on the fracture properties of the adhesive 
joint while dry case shows an irreversible effect on the joint degradation. However, it 
is reversible in the wet case effect.  
Bistac et al [39] studied the durability of steel/polymer/steel joint submerged in a harsh 
atmosphere (water, salt, acid and basic solutions) as part of their investigation of the 
properties of the interfacial area of polymers of different thickness in the joint. The 
main target of the study was to examine the effect of the relaxation temperature on 
crystalline properties of the adhesive material in the metal polymers metals joint 
regarding different thicknesses of adhesive material and the different harsh 
environments. The results showed that the thickness of the adhesive material can 
negatively reduce the joint strength under high temperature to a greater extent than the 
other factors like water or any salted environment.  
Abdel Wahab [40] has examined the coupled stress – diffusion finite element analysis 
of adhesively bonded joints aged in hot and wet environmental conditions. Single lap 
joint and butt joint joints have been used in this work. Hot water up to 60o C along 60 
weeks were used to simulate the ageing process effect on the joint durability. The 
objective is to study the degradation of the ageing process effect on the joint strength 
due to water and heat in term of joint mechanical properties. After that, finite element 
analysis was conducted to strengthen the research results.  
A.Baldan [41] pointed out that the understanding of adhesive joint strength is a 
complicated process because of the nature of the (polymeric material) itself, the joint 
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configurations and combination of the loads. The author examined multiple factors 
that can affect the adhesive joints and the means that can alter the joint strength. The 
outcome indicated that most of the fatigue stress is forced by environmental factors 
rather than just due to the mechanical structural behaviour. This result explains why it 
is important to do more research regarding the environmental impact on the adhesive 
joints of dissimilar materials. 
Korta et al [42] introduced an important research outcome regarding the effect of the 
harsh environment effect on the dissimilar materials joints. The study concluded that 
the heat generated from the sunlight is a crucial factor that reduce the joint strength 
even if it is not subjected to the cyclic fatigue. The study is strengthened with 
numerical analysis to simulate the environmental cyclic effect on different adhesive 
materials. The survey concentrated on the heat for a short time only, the answer might 
be considered uncompleted if the intention is to study the joint behaviour over a long 
time or to examine the impact of prolonged heat for the long- time of joint life. 
M. Subhani et al [43] studied the deterioration of the adhesive bonding by submerging 
the joint into salted water to simulate the harsh marine environmental conditions. The 
authors proposed a model to evaluate the bound strength by applying the three-point 
bending test rather than using traditional tensile test. This approach showed promising 
results regarding using the flexural parameter to indemnify the joint strength. Beside 
that the authors presented the effect of a long period of aging acceleration process by 
using the reduction factor to extent the experimental result to include longer aging 
cycles. This procedure was applied to two adhesive systems in order to compare the 
results. 
In most of the previous researches, considerable attention has been paid to studying 
the underlying factors without going into the exact details of these factors, taking into 
account the duration of exposure to these factors in a fundamental way. The analysis 
may seem logical and cannot be considered unhelpful. However, this indicates the need 
for more detailed studies of the adhesion performance under different environmental 
conditions. This is mainly because a high percentage of failure is due to factors not 
related to mechanical load, as many failures are due to aging or change in mechanical 
properties over time due to the exposure of different working conditions [40]. 
2.2.1.1. Surface pre-treatments. 
In the previous sections, a general introduction about the adhesive role in modern 
application is presented. In this section, a comprehensive review of the scientific 
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researchs concerned with the surface treatments will be thoroughly addressed. This 
part is considered an essential addition in many researches on adhesive technology and 
joining mechanisms. 
2.2.1.2. Surface pre-treatments influence on the adhesive joint.  
The term surface treatments mean all the operations that are used to improve 
substrate surface quality by increasing surface roughness, increasing surface 
electromagnetic ability or/and increase surface cleanness before bonding process. At 
this stage, it is reasonable to mention that the surface treatments are the main factor 
that are controlling the adhesive joint performance. Surface pre-treatments can include 
one or more different mechanical, thermal, optical and chemical operations as shown 
in Figure 2. 20. The surface treatments generally aim to enhance the adherent’s 
surfaces ability to better bonding with adhesive materials in various ways such as 
mechanical interlocking, chemical diffusion or electromagnetic forces.  
Selecting the proper method for surface treatments initially follows the properties of 
the material to be glued as well as the nature of the adhesive material. In the case of 
metals, for example, mechanical treatments are the most common way because 
chemical reactions of molecules diffusion rarely occur between the surface of the metal 
and the adhesive.  In the case of composite materials (such as carbon fibre) it is the 
cleaner surface that is the most important factor regardless of how rough the surface 
with attention to maintain no damage to the fibre structure facing adhesive. 
 
Figure 2. 20. Surface treatments methods 
K. Y. Rhee et al [44] present a unique method to improve the adhesive joint strength 
by improving the surface treatments of CFRP and aluminium (7075-T6). The fracture 
toughness of the single lap joint (SLJ) is studied. The authors utilised the Ar+ ion-
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irradiation as the proposed main method for the CFRP. The mechanism of the Ar+ ion-
irradiation of the CFRP surface is illustrated in Figure 2. 21. 
The researcher conducted a fracture test for three different cases of surface treatment 
methods including untreated CFRP/untreated aluminium, Ar+ ion-irradiated 
CFRP/untreated aluminium and untreated CFRP/plasma-treated aluminium.  
 
Figure 2. 21. Ar+ mechanism for surface treatment [44].  
The study compared the fracture behaviours (fracture load, fracture toughness, fracture 
surfaces) of the three types of surface treatment. The testing of fracture surfaces 
showed that the fracture took place as a mixed failure (adhesive, cohesive) for 
untreated surfaces specimens. On the other hand, the fracture toughness of the 
aluminium plasma treated surface showed higher resistance to fracture of about 50% 
from the baseline case. Nevertheless, the CFRP surface that was treated with Ar+ ion 
irradiation was capable of reaching about 72% from the baseline case without any 
surface treatment.  
The thermal residual stress effect on the adhesive single lap joint (SLJ) and double lap 
joint (DLJ) failure mode was investigated by K.C. Shin and J.J. Lee [45]. The authors 
used the steel and composite substrates and then the joints were subjected to constant 
amplitude fatigue loading. The experimental and theoretical investigations indicate 
that the surface pre-treatments played a significant role in enhancing the fatigue 
strength and fatigue failure. Moreover, the thermal residual stress minimisation can 
also enhance the fatigue endurance level of the joint by optimisation of the surface pre-
treatment and curing condition procedures.  
The surface microstructure of the adherent’s materials impacted on the fatigue strength 
presented by Lucas F.M  et al [46]. The study includes examining different patterns as 
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shown in Figure 2. 22 of an aluminium surface and different cleaning methods 
including acetone and chemical etching. The result shows there is a significant increase 
in the fatigue strength for the treated surface conditions than the non-treated surface 
for the brittle epoxy based adhesive system. 
 
Figure 2. 22. Different proposed aluminium surface patterns [46]. 
Different surface roughness was considered a key part to developing the fatigue life 
production of an adhesive joint. T. Sekercioglu and V. Kovan [47] presented the 
artificial neural network (ANN) model to predict the fatigue life of the cylindrical 
adhesive joint based on the structural difference of the adherents’ surfaces and surface 
roughness. Other factors such as bonding clearance (thickness of the adhesive 
material) and a substrate`s type was also considered.  
Fatigue strength and the fracture behaviour of a toughened epoxy adhesive joint was 
investigated by S. Azari et al [48]. The study's focus was to link the surface roughness 
with fatigue resistance and the fatigue life time of the adhesive joint. The result showed 
there was a significant dependence of the fatigue strength to the surface roughness. 
Moreover, the strain energy increased with an increasing of the surface roughness.  
A substrate's thickness and surface treatment influenced the fatigue behaviour of 
aluminium single lap joint (SLJ) as investigated by A.M. Pereira et al [49]. Sodium 
dichromate-sulphuric acid was used as an etching agent. The result shows a significant 
increase of the fatigue strength with a 1.0 mm thickness.  
S. De Barros  et al [50] examined three different mechanical surface treatments (sand 
blasting, grit blasting, and bristle blasting) to improve the fatigue behaviour of A36 
steel substrates. The specimens were examined with a mode II loading condition, in 
both a static and dynamic loading state. The result confirmed that the adhesive bonding 
exhibited a totally different behaviour when applying static or dynamic loads. 
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Moreover, a clear relationship can be noticed between the surface treatments and 
fatigue failure modes.  
Various surface treatments such as mechanical and a series of chemical treatments 
were used by R.R. Gomatam, and E. Sancaktar [51]. The aim was to study the impact 
of the surface treatments (grit blasting, silane coupling and plasma treatment) on the 
fatigue behaviour with respect to different fatigue waveforms and changeable 
environmental conditions. The results show a high dependence between the surface 
treatments and the fatigue behaviour of the adhesively bonded single lap joint (SLJ). 
F. Fischer et al [31, 52] presented the laser surface treatments of the CFRP. He gave a 
clear vision of the importance of the use of laser in cleaning the surface of carbon fibre 
before the bonding process. The aim of the two researches was to investigate the extent 
to which the laser can be used without affecting the fibre filaments and without 
harming the composition of carbon fibre sheet. It is clear that the laser has multiple 
effects on the surface of carbon fibre but cannot ignore the success in producing a 
surface less contaminated and clean compared to the rest of the other ways as shown 
in Figure 2. 23. Contaminated  
 
Figure 2. 23. Different methods of CFRP surface treatments. [31, 52]  
Hartwig, A et al [53] examined the CO2
 laser influence on the chemical composition 
of the epoxy materials used to prepare CFRP sheets for adhesive purposes. The 
chemical changes were examined by X-ray photoelectron spectroscopy (XPS) analysis 
technique. The lap shear tests showing noticeable increasing in the joint strength by 
adopting laser treatments.  
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Rider, A. N. & Arnott, D. R [54] used boiling water as a cheap and easy to setup 
technique to enhance the aluminum surface before adhesive bonding. After boiling 
water was used then the samples were immersed in 1% aqueous solution of tri-
glycidoxytrimethoxysilane. A noticeable improvement in the joint durability of the 
samples treated with boiling water of 85o for time ranging from 5-60 minutes 
compared to the unprocessed joints was noticed.  The researchers also found out that 
this method can yield better results in terms of the film layer that is generated on the 
processed surface using the XPS analysis which is more stable and less contaminated 
compared to the traditional mechanical methods.  
Overall, the surface pre-treatment was considered the keystone in any investigation 
related to adhesive joints. This is despite the existence of hundreds of researches that 
discuss the effect of surface treatments on the strength of the bonding by adhesive. 
However, in many researches, the main factors of each surface treatment method and 
its suitability for the material to be used are not emphasized. More importantly, the 
need to adjust the various factors that achieve stability and consistency in the pattern 
of fracture that can occur has not been addressed in detail. Controlling the fracture 
pattern may seem insignificant at the current stage but when study of environmental 
variables such as humidity, temperature and solar radiation, the simple difference in 
experimental results may be the marker by which the joint efficiency can be judged.  
Mechanical treatments for the metal parts seem the best approach for future 
investigations due to their low cost, immediate results and their ease of control away 
from sophisticated chemical treatments. However, mechanical treatment needs further 
investigation in the areas where low surface roughness is used. Moreover, mechanical 
treatments are not beneficial with CFRP, therefore another fast and controlled method 
that can cause less damage to the CFRP surface needs to be presented. Laser treatment 
has been chosen in the current research as it meets the modern trend to provide fast 
and safe methods. Both mechanical and laser treatments are still undergoing rapid 
development regarding knowledge about joint responses to loading conditions in terms 
of surface treatments. 
2.3. Environmental factors influence. 
 Car structure assembly procedure uses in general the adhesive bonding in about 60 % 
of total joining methods [55]. These joints also subjected to a complex range of 
environmental exposures. This range can be coming from periodic or daily temperature 
variations, humidity and ultraviolet light (UV). These factors could develop hygo- 
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thermal stress. In addition, these joints could be exposed to other chemical degradation 
factors such as, engine oils, battery acids, hydraulic fluids and greases. In addition, the 
adhesive joint under the new regulations should meet the safety standard in case of fire 
situations [56]. These factors can be adding more complexity besides the traditional 
mechanical loading. In addition to the environmental factors, service mechanic loading 
conditions lead in general to the aging of the adhesive material regardless of the 
adhesive material properties; consequently, this will result in deterioration, reduction 
in the lifetime and effect the joint performance. The environmental factors could have 
different effects on the joint performance individually or all together. These factors 
reduce the static and dynamic mechanical performance under fatigue, tension or 
compression and could give rise to undesired chemical reactions between the 
substrates and the adhesive materials which leads in the end to changes in the surface 
properties.   
For example, UV exposure can make visual change on the surface presence and could 
cause some viscoelastic behaviours in the adhesive material. Eventually, this will leads 
to reduce the dynamic and static mechanical properties of the adhesive materials [36]. 
Also, the water (humidity) causes larger changes in the adhesive material properties 
and could lead to the interfacial failure between the adhesive material and the 
substrates [57]. Furthermore, the Temperature effects on the adhesive’s material 
could vary, depending on the weather when it is exposed to hot or cold situations. In 
the long term this could lead to thermal stress due to extreme change in the temperature 
during the lifetime of the joint [58]. Recently, Viana et al [59] presented a thorough 
analysis of the common effect of heat and humidity on the performance of adhesively 
bonded single lap joints. The work was based on important previous studies and 
concluded that environmental factors such as heat, and humidity have a clear impact 
on the reduction of the fatigue life of the joint.  The authors also touched on other 
factors related to the fatigue life of the assembly, such as surface treatments and their 
significance, and this specifically supports the findings of the current research on the 
importance of surface treatments before exposure to other environmental factors. 
Another work by Costa et al [60] discussed the possible environmental factors 
influencing the fatigue life of adhesive joints. The most important conclusion is that 
the environmental factors have varying influence and that results are not necessarily 
consistent, and it is not possible to make general conclusions. 
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For the purpose of focusing on the factors relevant to the current research 
objectives, only the impact of solar radiation will be addressed in subsequent 
sections. 
The effect of environmental degradation of the adhesive joint Figure 2. 24 is a subject 
that has received substantial consideration over several years, with work focused on 
both practical and theoretical characteristics.[36, 41, 61-64]. These factors are 
summarised in three main aspects: Moisture, heat and ultraviolet exposure. With 
consider that these factors have a different impact on the joint strength or durability. 
It is well known that the Earth’s troposphere sifts out most of the total sunlight, and 
only 6% of the total solar flux is ultraviolet (UV) and this small amount of the total 
spectra is capable of reaching the Earth’s surface. Feldman [65] state that “ UV 
radiation has a wavelength between 290 and 400 nm, and the energy generated  by 
these wavelengths can dissociate the molecule bonds in most polymers, leading to 
degradation of polymeric materials”.  
 
Figure 2. 24. Schematic view of metal -CFRP composite system subject to static and 
dynamic loading and environmental conditions  
Considerable amount of the researches is focused on the humidity and heat specifically 
due to the easy and fast experimental setup; however more expensive tests take 
advantage of UV champers to the new limits of experimental settings to explore new 
frontiers of the material and structural science. The new trends about the possible 
application of the CFRP in many structural applications such as car, aerospace and 
even the marine will require more information regarding the behaviour of the CFRP 
individually and within critical structures when exposed to high amounts of UV 
radiations.  
The global warming and new environmental changes call for precise investigations 
about the role of UV exposure degradations in the adhesive joints of structural 
engineering. These new investigations started widely by the 1990 s of the last century 
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after the first commercial applications of the CFRP were launched thus announcing a 
new era of engineering structural materials. 
It is remarkable to know that the degradation due to UV exposure in CFRP joints can 
range from simple surface bruising and yellowing to a broad loss of mechanical 
properties [66].  
 
 
2.3.1.1. The impact of the UV exposure.  
The early investigations by W. Liau et al [67] shows that the UV exposure could be 
the main reason behind the weight lost in many CFRP grades, see Figure 2. 25.  
 
Figure 2. 25. The weight loses for various irradiation – time of UV in two gaseous 
environments (a) 1- ply graphite / epoxy, (b) 1-ply glass/ epoxy (error bar with filled 
symbol: in air, error bar without symbol: in vacuum) [67].  
The weight loss in CFRP has been noticed in many applications and this phenomenon 
is reported by many other investigations [68, 69] . It is believed that the weight loss 
could lead to internal and surface micro cracks in the composite laminates regardless 
of the composite layup settings as shown in Figure 2. 26. However, it is more 
convenient to mention that the cracks in the surfaces that are directly exposed to the 
UV sources are larger in size and way more in number than the once in the internal 
layers of the composites.[67]. This could change the fracture modes as shown in    
Figure 2. 27 where different fracture modes of CFRP after being exposed to different 
UV radiations levels are shown. 




Figure 2. 26. UV influence on the CFRP surface.  
 
Figure 2. 27. Scanning electron microscopy of fracture surface under tension loading 
condition for 1-ply glass/ epoxy. (a) no UV, (b) no UV with thermal shock, (c) 
irradiated for 180 days in vacuum, (d) irradiated for 180 days in vacuum with 
thermal shock, (e) irradiated for 180 days in air and (f) irradiated for 180 days in air 
with thermal shocks. [67] 
The effect of the UV exposure on the adhesive materials have a similar impact on the 
CFRP. However, the influence is more related to the air gaps and filler inside the 
adhesive material [70] as shown in Figure 2. 28.  




Figure 2. 28. Distribution of the filler in the polymer matrix-middle, 100x  [70]. 
The proposed solutions to this phenomenon are still focused on the different UV 
resistance paints and some chemical surface treatments. These solutions are proposed 
based on the observations of these cracks in the structures in a similar way to the 
airplane wings or in race cars. However, the internal cracks are still considering as a 
possible threat to the structure stability [71]. 
In addition, it is important to understand that the internal cracks include the adhesive 
materials in the adhesive joints. Extreme measures are proposed by some famous 
companies to ensure safe structure to their products. For example, Lamborghini 
company have regularly called the famous brand of Lamborghini - Murcielago for 
inspections, because it is made of 100 % CFRP body with some aluminium bars. As a 
solution, if necessary it will replace the damaged parts or increase the whole body 
temperature near to the Tg temperature of the composites in order to eliminate the 
internal cracks by extending and redistributing the thermal stress through the entire 
body [72] Figure 2. 29. This process is in complete agreement with [73, 74] 
recommendations. Moreover, previous investigations explained CF alone can retain 
its strength at temperatures higher than Tg; the reduction of strength and stiffness of 
epoxy matrices or adhesive materials during this process may lead to further reduction 
of the resin-dominated mechanical properties of FRP composites [75].  




Figure 2. 29. Three-quarter view and cutaway of the 2005 Murcielago Roadster 
highlights the all CFRP body panels, which are adhesively bonded to the hybrid 
CFRP/tubular steel chassis [72].  
 
Along these lines, the effects of UV irradiation on different types of CFRP have been 
studied, for example, Kevlar/epoxy composites [76], glass/epoxy composites [67], 
glass/polyester composites [77], and graphite/epoxy composites [78]. Obvious 
reductions of mechanical properties have been noticed as a function of UV intensity 
and exposure time. It is comprehensible that such a reduction in mechanical properties 
also varies depending on the thickness of CFRP. A thin CFRP may degrade more than 
a thick one when subjected to the same UV dose and exposure time.  Moreover, there 
is proven evidence that the UV exposure can change the material stiffness value which 
eventually will lead to reduce the joint strength. Figure 2. 30 shows the strength 
reduction and stiffness increasing as a function of the UV exposure time.  
 
Figure 2. 30. (a) normalised tensile stiffness and (b) tensile strength retention from 
both scenarios [36]. 
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Fritz Larsson [76] presented experimental outcomes indicating that the UV exposure 
can have limited influence on the Kevlar 49 composites with regards to the samples 
thickness and exposure durations.  
Flight conditions were thoroughly investigated by H. Benson Dexter & Donald Baker 
[71]. They present a joint work between NASA and the US-Army to explore the 
influence of environmental and working conditions on thousands of composite 
materials parts of different airplanes and helicopters. Their work provides in-depth 
observation about the role played by different environmental factors (includes UV) on 
the composite material performance in term of strength, moisture content, fatigue life 
and residual strength.  
To investigate the influence of the UV degradation, Scanning Electron Microscopy 
(SEM) technique is used by Kaczmarek, Halina [79] for investigating microstructural 
changes of polymers. In polymers undergoing photo-radiation, the accumulation of 
hydrogen peroxide particles was clearly seen and acting as agent revealed its etching 
action on the polymer surface. The outcomes indicate that the damage due to UV helps 
to initiate the cracks and the cracks propagate due to thermal shock. The thermal shock 
effect is linearly proportional to the composites thickness. This indicate that the UV is 
the driver factor while the temperature due to UV exospore can play a significant role 
in determining the crack propagate rate. From here, it is important to provide a 
better understanding of the relationship between the UV and associated 
temperature.    
 
2.3.1.2. Main parameters of UV.  
There are three main parameters which contribute in the UV degradation: wavelength, 
intensity and exposure duration.  
The relationship between the wavelength and intensity is shown in Figure 2. 31 for 
Melbourne – Australia, and this is based on yearly dosage of exposure.  




Figure 2. 31. Xenon Arc Spectra with borosilicate filters setting of 0.55 W/m2/ nm 
@ 340 nm, summer, winter and average spectra for Victoria, Australia [80]. 
 
The previous investigations examined the UV as a dosage of exposure to simulate 
specific spectrum within a designed time frame. Then the result is usually compared 
either with the baseline condition or with different time of exposure or different 
spectrum [36, 64, 66, 70]. These results can be beneficial to compare the UV 
degradation with other environmental factors such as heat or humidity. However, 
intensive investigation to understand the role of each of the UV parameters impact on 
the joint strength and durability has still not been fully clarified and there is a lack of 
information regarding experimental investigations on the influence of these factor on 
the joint’s mechanical characteristics. 
With regard to radiation intensity, there is little research that addresses this point in 
an objective and comprehensive manner. Although the available information is scarce, 
some research has focused on this particular point. Increased radiation intensity means 
an increase in the density of the fallen rays. This means a faster rate of interaction and 
therefore there is supposed to be a higher impact on surfaces of different materials. 
Gholami, Mehran et al [81]  suggestion that the epoxy based materials such as 
adhesives or CFRP matrix that are subjected to UV rays may be further vulnerable to 
other environmental factors, leads to more damage as the higher the intensity the 
higher the possible damage which can occur. The UV intensity increasing could have 
a reverse impact on the adhesive strength as J. S. Harris et al  [82] stated. In their study, 
radiation level around 180 mW/cm2 was found to be satisfactory for the curing process 
and more than that could result in a degradation influence.  
 F. Segovia et al [83] used the sunlight aged polyester–glass fibre composites to 
address the impact on the material mechanical properties. It is found that there is 
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variation of 15%" and 56% of the strength depending on the fibre type.  The reason is 
that increasing the UV intensity level, could affect the glass transition temperature (Tg) 
and this is a critical issue when dealing with adhesive materials which of epoxies.  
The change of exposure time to solar radiation has several facets to influence 
mechanical, chemical and even physical properties. Many investigations and studies 
have been provided in this area and a significant number of these studies have been 
focused on health applications and public safety as a result of exposure to ultraviolet 
radiation. Increasing the exposure time of UV radiation may have a cumulative and 
irreversible effect on many engineering-defined materials. In composite materials, 
however, research is still needed to identify mechanisms of change that occur in 
composite materials such as carbon fibre or epoxy-based adhesives. In addition, there 
is the need to determine the lesser time after which the change becomes perceptible 
and has direct effects on the properties of these substances effectively. C. Dubois et al  
[84] examined the effect (UV) of the glass fibre-reinforced epoxy in the form of layers 
and concluded that increased exposure to radiation would degrade the substance of the 
polymer base; they also concluded that after exposure to (2000) hours of radiation, the 
overlapping material loses 1% of its original thickness. It is natural to also see a weight 
loss and a change in color in general. This is another point that limits the wider spread 
of adhesives as the overall appearance is an important factor for aesthetic designs. This 
is more important as the exposure time of UV radiation (sunlight) increases. Further 
research remains an urgent need to strengthen the knowledge available in this area. 
The third aspect is the UV wavelength. This is a factor which distinguishes the UV 
range from other ranges of sunlight spectrum as shown in Figure 2. 32. 
 
Figure 2. 32. Ultra- Violet portion of total solar spectrum. 
The wavelength is the factor that determines the type of UV radiation to be within the 
category A, B or category C. Each of the listed categories has its own characteristics 
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and applications that can be used. The UV-A ,the largest category, have similar 
properties and matching in a very narrow range the natural sunlight as shown in    
Figure 2. 33.  
 
Figure 2. 33. UV-A340  correlation to the actual sunlight [85].  
This is why UV-A it has been chosen as the most realistic form for most engineering 
applications. In addition, the aging or weatherometer chambers are provided with 
suitable sources of UV-A rays. However, it is always to be remembered that there is 
always a difference between natural exposure to solar radiation and simulation of 
sunlight using acceleration techniques through the aging chambers. 
The heat associated with ultraviolet radiation can be considered an additional factor 
and important to consider. The fact that the energy received by the surface is 
transformed into heat in time and therefore especially in the opaque objects (such as 
carbon fibre), this heat can rise rapidly and close to the glass transformation 
temperature (Tg), which dramatically affects the mechanical properties of the 
materials. 
 
For any UV investigation it is important to define a starting point [36, 86]. This starting 
point either simulates specific dosage from real UV spectrum for specific time to 
represent specific real time of exposure or studies different dosages over different 
times. These two approaches are still limited to answer questions about what is the 
most effective among the UV factors. An additional question is what the total impact 
of these specific factors on the models of environmental degradations.   Shokrieh, and  
A. Bayat [77] suggested to start with estimation of the time of exposure by the 
following equation: 
Required time for exposure =





 ……………………….(2.18)  
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and then by assuming the acceleration factor to simulate the actual dosage in natural 
condition.  
Another approach used by Bauer [86] provides different entry points based on the data 
taken from Florida and Arizona states- USA to deliver some recommendations about 
the reasonable setting for any UV investigations. 
 
 
2.4. Fatigue of adhesively bonded CFRP/Metals joints.  
It is known to researchers and professionals that the failure of many engineering 
applications is mainly concentrated in the joining points, regardless of the type of 
joining mechanism adopted. The stresses are highly concentrated as a result of 
variations in materials properties and densities, or the presence of holes or change in 
the shape to fit the joining mechanism. Similarly, it is also known that these 
engineering applications are constantly exposed to dynamic stresses and different 
operating conditions, making failure predicting a difficult, complex and often costly 
task. Failure in these applications if they are exposed to this kind of dynamic stress 
and different environmental conditions can occur only up to 10% of the value of the 
static load, which gives a clear vision of the importance of dynamic analysis and the 
theories behind it. Substantial amount of the researches dealt with this type of loading 
by considering fatigue analysis and adopting fatigue life theories. The fatigue test is a 
fundamental part of the standard tests to examine the joints durability. The test is also 
assumed to be an important part in studying the long term joint behavior or improving 
the joint strength [40, 87, 88]. The fatigue analysis is also used to evaluate the joint 
performance when operating under extreme working conditions like distinctive modes 
of vibrations, high amplitudes of stress or in extreme environmental conditions such 
as sunlight, heat and moistness. Every one of these conditions can be found in the 
automobile structure for example and for these reasons the fatigue tests are imperative 
to the manufacturer planner and car makers. 
In spite of this, fatigue tests can produce eccentric or scattered results because there is 
no immediate standard technique to adapt to the CFRP side of the specimens [89]. The 
outcomes, however, can be utilised to give a reasonable meaning for the failure mode 
and crack initiation in joints. 
Many studies already conducted provide more information for the joint under fatigue 
stress. Some of these works look into the standard fatigue as fluctuated fatigue while 
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other investigations are more focussed on positive or negative fatigue and many more 
are focused on the low cycle fatigue and impact fatigue. Translating the fatigue results 
in terms of  graphics can bring more meaning to the joint design and use. Generally, 
there are three models of interpreting fatigue results as shown in Table 2. 1.  
 Table 2. 1. Fatigue life prediction methods. 
 
The foremost method is the stress to time expressed in fatigue cycles’ number (S-N), 
which is considered the easiest approach when it comes to project the infinite lifetime 
of the joint. Even so, this method is not considered suitable to study the low cycle 
fatigue and it cannot be beneficial to study the crack growth or crack propagation. The 
second method by mean of strain to time expressed in fatigue cycles’ number (ɛ- N) is 
a method that can be applied to study crack initiation and final damage. In addition, it 
is also used for low cycle fatigue. Nevertheless, combined with complicated factors it 
can make more scatters to the resolution, which calls for a computerized model to 
explain the result with an error percentage. While the Linear Elastic-Fracture 
Mechanics (LEFM) model is more precise to describe the crack propagation and to 
predict the remaining time of the joint life, the model in this case will be based on the 
existing crack and the accuracy of stress intensity factor K.  
Equally in the tensile test procedure, the fatigue can be conducted in different 
specimen’s configurations. However, the result can always be assembled in terms of 
stress amplitude and the time (number of fatigue cycle) and is known as the S-N curve 
of fatigue.  
In fatigue, there are some factors like surface finishing, temperature, size and material 
properties that play an important role in estimating the endurance level of the 
component, which is the joint in this case. Therefore, the fatigue tests designed in the 
models  s-n ɛ-n LEFM 
advantages  
easiest approach strain based  
describes crack 
prorogation  




and damage  
predict remaining life in 
part (non-destructive 
testing) 
M.O.: prevent crack 
initiation with 
strength criterion  
good for LCF 
model based on existing 
cracks  
        
disadvantage  




models sensitive to 
accuracy of stress 
intensity factors  
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current research is to confirm that adhesive joints can be introduced for use in more 
critical positions in the car structure. 
Dynamic analysis can be divided into two basic types: the first is static load (Constant 
Amplitude Fatigue CAF) and the second is variable load (Variable Amplitude Fatigue 
VAF). Each of these two types has its own theories, but the general method remains 
the same in the presentation of results. In the constant amplitude fatigue                
Figure 2. 34 (a), stress is applied within an average fixed load that changes only by a 
predetermined amount between the maximum and lowest load and usually is in the 
form of a sine wave, a chainsaw or a cosine wave for example depending on the type 
of forces being imposed. In the case of a variable amplitude fatigue Figure 2. 34 (b), 
the load does not follow a particular pattern because it comes from multiple sources 
and is variable with time. For this, to simplify the tests and to achieve logical results, 
the wave pattern will be categorized and re-routed to a multi-block form, each block 
representing a particular load that feeds into the system which controls the number of 
iterations and sequence of occurrence. The variable load can thus be simplified to a set 
of constant loads that can then be followed up and better examined and results are 
closer to reality. 
 
Figure 2. 34.Constant and variable amplitude fatigue wave forms [90]. 
2.4.1. Factors affect fatigue life of adhesive joints.  
Environmental factors and operating conditions are certainly having a direct impact on 
the age of fatigue of adhesive links. These combined factors limit the use of adhesives, 
especially when the structure is composed of materials that are relatively spaced in 
mechanical, physical and chemical properties. An examination of the impact of the 
underlying environmental factors is an almost endless research area due to the multiple 
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uses of modern materials (such as carbon fibre) as well as to the development of 
complex designs that cannot be implemented using traditional assembling methods. 
Thus, the provision of an integrated information base on the role played by these 
environmental factors individually or collectively has become a concern for both 
researchers and industrialists. 
These factors can be divided into: temperature, moisture and finally the sunlight. In 
the subsequent paragraphs, a review of the efforts made in previous years will be 
undertaken in this regard, noting that not all research can be summarized in this area 
but with a higher concentration on solar radiation (UV) being the primary point in the 
current search. 
The car structure assembly procedure generally uses adhesive bonding in about 60% 
of total joining methods [55]. These joints are also subjected to a complex range of 
environmental exposures. These can range from periodic or daily temperature 
variations, humidity and ultraviolet (UV). These factors may develop hygo-thermal 
stress. In addition, these joints could be exposed to other chemical deterioration factors 
such as, engine oils, battery acids, hydraulic fluids and greases. With less potential, 
the adhesive joint under the new regulation should meet the safety standard in case of 
fire [56]. These factors can add more complexity besides the traditional mechanical 
loading. In addition to the environmental factors, service mechanic loading conditions 
generally lead to the ageing of the adhesive material regardless of the adhesive material 
properties, and consequently, will result in deterioration and reduce the lifetime and 
affect the joint performance. Environmental factors may have different effects on the 
joint performance individually or all together. These factors reduce the static and 
dynamic mechanical performance under fatigue, tension or compression and may give 
rise to undesired chemical reactions between the substrates and the adhesive materials 
leading to a change in the surface properties.  
  
2.4.2. Theoretical analysis of fatigue loading.  
In order to understand the fatigue life of the adhesive joint it is important to study the 
crack behaviour during fatigue loading. Generally, the crack behaviour can be divided 
into two visible phases (in adhesively bonded joints). These are, firstly, the crack 
initiation phase and secondly, the crack propagation phase. Each phase has a 
different behaviour and can also be recognized by the final fracture imagery analysis 
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of the joint.  For that reason, it is important at look closely to each phase to have a 
clear understanding of what suggestions can be drawn to improve the fatigue behaviour 
of the joints depending on the crack mechanisms.  The age of the joint in the case of 
fatigue loads is determined not only by the amount of load level, but also by another 
set of factors significantly related to the pattern of the cracks that occur in the bonding 
line. In other words, the fatigue age cannot be predicted without full knowledge of the 
factors that determine the pattern of cracks that are formed at each stage of the lifespan 
of the fatigue. Therefore, the next sections discuss the thermotical background around 
cracks mechanisms due to fatigue loading.  
2.4.2.1. Fatigue crack initiation. 
In general, the fatigue crack initiation phase is considered the most difficult part in any 
fatigue analysis. The reasons refer back to the difficulties associated with crack 
nucleation, crack formation, and the crack tip zone analysis. Furthermore, monitoring 
the crack during this phase is not an easy process and will require special equipment. 
However, experimental techniques have brought great improvements to studying the 
crack initiation such as back-face strain and video microscopic detection methods. The 
theoretical method can be summarized by an empirical equation based on the plastic 
strain measurements or numerical models based on cumulative damage and fracture 
mechanics` theories.  
To look back at the history of this type, we can see that the crack initiation investigation 
of the adhesive joints started in the mid-1980s to the 1990s. These methods have not 
changed from that time even with new technology developments in terms of 
measurement methods and acquiring data techniques. Furthermore, the reader will see 
there is always some overlap between the crack initiation and crack propagations 
because they are usually linked during the same studies.  This section will survey the 
crack initiation phase as it is the key part in any fatigue analysis. This phase can be 
divided into two sections as follows: damage models and observing of crack 
initiation. 
• Damage models. 
An empirical models of damage analysis was used by many researchers along with 
damage accumulation theories, such as plastic strain energy throws a power low 
equation.  
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A unified simulation model for fatigue behaviour in an adhesively bonded joint was 
proposed by [91]. The aim of the model was to predict the fatigue behaviour and to 
evaluate the fatigue failure modes based on the micro-plastic strain energy and by 
defining the materials as a power low function of the strain energy.  
Based on the effective strain, [92] presented a damage model for fatigue loading 
conditions for an adhesively bonded joint. The model was developed to predict fatigue 
crack infiltration in the single lap joints (SLJ) configuration. 
Elastic – plastic damage model was also proposed by [93] to predict the fatigue life 




= 𝑏 × ( 𝑚𝑎𝑥 − 𝑡ℎ)
𝑧…………………………………………………………(2.19) 
where: 
D = the damage variable (equal to 0 for virgin material and 1 for fully damaged 
material), 
ΔD/ΔN = the fatigue damage rate,  
b and z  are material constants 
𝜺𝒎𝒂𝒙 and 𝜺𝒕𝒉 the adhesive maximum principal strain and threshold strain, respectively, 
calculated at integration points from FEA.  
The damage variable is updated after each time increment as follows: 





i = time step  
N = the number of cycles.  
Strength degradation might be a critical issue in any research regarding adhesive joints. 
Therefore, many researchers attempt to provide new information regarding the factors 
that might reduce the joint strength. Damage evaluation of the fatigue loaded 
adhesively single lap joints (SLJ) were presented by [94]. The outcomes show that 
residual stress was reduced by increasing the fatigue cycles. This is important to note 
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as the authors proposed a nonlinear strength wear-out model as a possible method to 
predict the residual strength of the bond. 
Damage variable D, as a function to the cycle number was investigated by [95] during 
investigation of the fatigue damage models by using bulk adhesive. Constant 
displacement amplitude tests were used to evaluate the fatigue damage using the 
gradual decreasing in the stress during fatigue cycle life.  
According to [95] the fatigue damage was given by:  





∆𝝈𝒆𝒒 : the range of von Mises stress,  
𝑹𝑽: the tri-axiality function, 
m: the power constant in Ramberg Osgood equation, 
and A and β: damage parameters experimentally determined.  
Once again, [96] investigated the damage parameters in adhesive single lap joints 
(SLJ). The authors studied the crack initiation parameters by implementing continuous 
damage techniques. The authors conducted an experimental fatigue test, and a finite 
element analysis to study the effect of the singularity in the crack initiation due to the 
corner presence as stress concentrations at the edges of the joint. The damage 
parameters A and β were calculated by [95] for bulk adhesive and the equation was 
also extended to calculate the multiaxial stress condition in the adhesive material. 
[97] presented how the scarf joints can be used to simulate the condition of tri-axiality 
of the loading condition in the adhesive joint to evaluate the crack initiation and 
damage modes. The authors used a different joint configuration to simulate the joint 
behaviour by utilising finite elements analysis (FEA) models. The outcomes show that 
the Rv was related to the function of the scarf angle on the adhesive bonding-line. 
Also, the value of Rv is constant along the adhesive line but varies at the edge of the 
joint (free edges). 
Damage evolution in adhesive butt joints were investigated by [98]. The authors used 
cyclic fatigue loading and implemented an isotropic continuum damage evolution 
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model with a conjunction of kinetic low. This method is based on analytical and 
numerical methods to be fully solved as long as they are experimental procedures. 
• Observing crack initiation.  
The back- face strain method can be assumed the best method to date in the study of 
crack propagation in adhesively bonded joints. Many researchers are keen to use this 
method because it provides acceptable outcomes and easy to interpret results.  
Experimental fatigue data, obtained from single lap joint (SLJ) specimens of fatigue 
tests were presented by [93] to describe the crack propagation under different loading 
levels. The authors used strain gauges (SGs) in six different locations along the overlap 
area of the joint to monitor the fatigue initiation and in the second phase to monitor 
fatigue crack propagation in the adhesive layer.  
Back face strain measurement was also used by [99] as a measuring technique to 
monitor the fatigue damage in both phases (initiation and propagation of the fatigue 
crack). The outcomes indicate the crack initiation is the dominate phase when using a 
low-level fatigue load whereas the second phase (crack prorogation) is clearly visible 
when higher loads are applied. The back-face strain measurement used to develop a 
simple predictive model can be used to estimate the fatigue damage; this model can be 
considered a start to the study of the fatigue damage during longer fatigue situations.  
Once again, back face methods were used by [100] to study the fatigue damage in both 
phases in adhesively bonding single lap joints (SLJ) as well as utilising the high 
sensitive video microscopy technique.  
The fillet area at the edge of the adhesive layer can improve the joint fatigue strength 
and extend the first phase of crack life. This was reported by [101] as they conducted 
experimental fatigue tests on different adhesive joints configurations. Multiple strain 
gauges recorded the strain change in the back face of the specimens during fatigue 
loading. The results explained that the crack can be delayed, and the first phase can be 
extended by the presence of the adhesive fillet at the edge of the bonding line.  
Small-scale steel beams joined to carbon fibre reinforced polymer (CFRP) plates were 
used by [102] to present full details of fatigue behaviour of the adhesive joints. The 
back-face techniques were used to monitor the crack lifetime under the fatigue loading. 
The results show the crack initiation can sometimes happen in different or mixed mode 
zones regarding the fatigue types.  
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The life ratio of the crack initiation to the crack propagation can explain much of the 
energy needed to resist the fatigue loading, therefore, [103] focused their investigation 
on applying the back face technique to explain the crack behaviour on adhesively 
bonded joints. The result shows the initiation phase is about half of the joint life. 
Further results show that removing the adhesive fillet eliminates the initiation phase 
and then most of the crack can be described as second phase crack behaviour.   
Crack initiation and propagation in different types of adhesive joint configurations 
were conducted by [104]. The authors examined different fatigue load (I/II). The 
results show non-significant difference in the crack initiation life for the different 
mixed modes and configurations. The recommendations from the study stated that 
“For the adhesive system tested, the adhesive joint design should be based on threshold 
values for zero crack growth due to the high scatter in crack propagation rates.”  
The influence of the adherents stacking sequence on the crack initiation and growing 
on the composite material were investigated by [105]. The authors used an 
experimental investigation of CLS joint configurations. The outcomes show that the 
fatigue damage starts at the adhesive layer firstly with 0o and 45o and then the crack 
can grow in the layer with 90o directions in the composites.  
2.4.2.2. Fatigue crack propagation. 
The crack propagation phase has been studied widely by previous researchers. The 
focus was usually about studying the relationship between the fracture parameters such 
as the released rate of energy (G) and the crack propagation rate by applying the 
fracture mechanics methods. The typical fatigue crack propagation curve can usually 
be described as a logarithmic curve for the adhesively bonded joints. It is plotted as 
crack growth rate (da/dN) against maximum strain energy (G max) with respect to 
time; see Figure 2. 35. 
 
Figure 2. 35. A typical fatigue crack propagation curve [40]. 
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It can be noticed that the fatigue crack growth rate and energy release curve came in 
sigmoidal shape and has three visible areas under the curve: (1) the threshold area, 
which is defined by the fatigue threshold (Gth) with no crack initiation; (2) steady 
crack growth area, were Paris` low can be achieved and (3) fast or unsteady crack 
propagation area, were catastrophic damage happens at the point where the fracture 
toughness is reached. By distinguishing the crack growth rate and released strain 
energy in the adhesive joint the fatigue crack growth curve can then be used to 
calculate the crack propagation under fatigue loading conditions. This means 
predicting the fatigue lifetime of the joint. Several methods and techniques have been 
used previously for observing the crack growth with respect to time. For example, 
video microscopic and zooming lenses as optical techniques are an easy and suitable 
method. Chirped fibre Bragg grating sensors and ultrasounds are more advanced 
methods that can also be used in conjunction with optical methods. To fully cover this 
important part of the literature, this topic can be divided to two parts:  
2.4.2.3. Crack propagation models. 
In a lot of the literature, Pairs` equation is widely used to articulate the crack growth 
in terms of fracture parameters. The energy release rate is considered the best fracture 
parameter to study the crack growth in any fatigue studies and especially in adhesive 
joint fatigue research. This is mainly because the energy can be calculated by applying 
an analytical solution or using finite element analysis (FEA) by measuring the force, 
crack length or the rate of change of the fatigue resistance.  
Fatigue behaviour of carbon fibre reinforced polymers adhesively bonded were 
experimentally investigated by [106] under a mode I fatigue loading condition. DCB 
test specimens were used to determine the fatigue crack growth and to study the first 
region (steady region) of crack propagation where the liner behaviour exhibited and 
Paris` law can be calculated by: 
𝑑𝑎
𝑑𝑁





a = the crack length, 
N = the number of cycles, 
G = the strain energy release rate, 
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Gc = the fracture toughness. 
m and C1 can be calculated by fitting experimental data with the curve of (2.22) .  
The sensitivity of the crack to the crack growth is called m and can become higher in 
value for the adhesive material compared with metals generally. G1 represents the 
energy release for mode I and can be obtained from the compliance variation with 






P =the applied load  
B = the width of the specimen. 
A general technique to predict fatigue crack propagation was proposed by [107, 108] 
by using a finite element analysis (FEA) model. The authors tried to experimentally 
determine the crack growth in the carbon fibre reinforced polymers (CFRP) adhesive 
DCB samples. They could predict the load-life reactions of single lap joints (SLJ) and 














n, n1, and n2 constants which can be found by fitting experimental data into equation 
(2.25) 
𝐺𝑡ℎ = the fatigue threshold.  
Moreover, the authors presented a modified equation for mixed mode fatigue crack 














where I/II refers to the fatigue loads mode I and mode II respectively.  
Recently a modern technique was used to predict the fatigue propagation in the 
adhesively bonded joint which is known as the cohesive zone model (CZM). This 
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model was used by [109, 110] to simulate the fatigue behaviour and crack propagation 
by implementing the cohesive damage model in ABAQUS. The authors applied the 
Paris-like equations by means of strain energy rates released in crack propagation to 
simulate and evaluate the crack growth rate.  This model is shown in Figure 2. 36. 
 
Figure 2. 36. Mode I CZM  [109]. 
The crack rate of growth in this model is calculated by assuming the increasing crack 
length occurs at the same rate as the increasing equivalent damage energy. Therefore, 
the crack growth rate can be expressed by using the range of strain energy released 
(ΔG) as below:  
𝑑𝐴
𝑎𝑁
= 𝐵 × ∆𝐺𝑑………………………………………….(2.27)  
where: 
A is the defect area  
B and d are the parameters depending on the load combination ratio and material 








𝐴𝐶𝑍= the cohesive zone area at the crack tip.  
Accounting for the mixed modes I/II the authors used the cohesive zone mode and the 
equivalent displacement as shown in  
Figure 2. 37. Then, 𝛿𝑒𝑞 can be defined as 
 









δ1 , δ2 are the opening and sliding displacements, respectively. 
Moreover, the authors suggested a mixed mode damage growth rate in terms of modes 
I/II strain range of released energy rate, ΔGI and ΔGII respectively. This was presented 
in the following equation:  
𝑑𝐴
𝑑𝑁
= 𝑏 × (∆𝐺𝐼 + ∆𝐺𝐼𝐼)
𝑑……………………………..……..(2.30) 
Experimental and numerical approaches were used by [100, 111] to study the load 
ratio on the adhesively bonded joint fatigue behaviour. The authors presented a new 
model for the damage growth in the adhesive material by applying the cohesive zone 




Figure 2. 37. Mixed modes CZM [100]. 
For a large-scale investigation of crack growth, Gurson’s model was more convenient 
to be used. This model is used by [112] to study the fatigue crack propagation in 
aluminium / CFRP adhesively bonded (DCB) joint. The authors attempted to predict 
the impact of using dissimilar material on the crack behaviour by using Gurson’s 
model and FEA on the cavities inside the adhesive materials.  
The Gurson’s model is modified, then the yield criteria can be expressed by: 







2 + 2𝑓𝑞𝐼  cosh (
𝑞2 𝜎𝑚
2 𝜎𝑦
) − (1 + 𝑞3𝑓
2) = 0 
…………………………………(2.31) 
With knowing that q3 =q12 
where: 
 σe = the effective stress, 
 σm = the hydrostatic pressure, 
 f = the void volume fraction, 
σy = the material yield stress. 
𝑞1, 𝑞2 𝑎𝑛𝑑 𝑞3 : constants that depend on the material properties. For example, 𝑞1 =
1.5, 𝑞2 = 1.0 and 𝑞3 = 2.25 can be considered as the materials (adhesive material) 
were subjected to a plain strain stress condition. And then, 𝑞1 = 𝑞2 = 𝑞3 = 1.0 , is a 
case of yield function and has the exact form of Gurson’s model. Then if f = 0, the 
equation (14) becomes Von Misses yield criterion. The experimental outcomes 
indicate there is a decrease in the fatigue threshold by the thickness increasing in the 
substrates. Furthermore, crack growth also increases when thickness increased. For the 
aluminium joints, it was found that the crack growth parameters were less than the 
CFRP joint as a response to using different materials.  
2.4.2.4. Fatigue crack growth rate. 
Clearly, from the research evidence, mixed mode fatigue loading has a progressive 
impact on the fatigue behaviour of adhesively bonded joints. This justifies adopting 
the loading combination (mixed mode) especially the mode II of the fatigue.  
Single leg bending (SLB) specimens were used by [113] to study the fatigue behaviour 
of CFRP/metals` adhesive joint by applying different modes (I/II) loading conditions. 
The results indicate that the crack propagation and fatigue damage rate in mode II is 
higher than the fatigue damage rate in mode I.  
Fatigue damage behaviour in adhesive joints was investigated by [114] by applying a 
mixed loading condition (modes I/II). The results revealed that mode II had a 
negligible effect on the fatigue threshold strain energy release rate compared with 
mode I. Moreover, the crack growth usually occurred in low phase angles and becomes 
much higher at higher phase angles.  
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Another method based in fracture mechanics was proposed by [115] to predict the 
fatigue fracture in adhesively bonded joints. This can be considered a successful 
approach to study the fatigue damage propagation in such an application.  
An analytical approach was proposed by [116] to evaluate the crack propagation in 
adhesive joints. Evolution and shear stress distribution along the bonding line of FRP/ 
concrete was investigated and the impact of fatigue mode II was found to have a 
significant impact on the fatigue damage rate.  
Quasi static and mixed mode fatigue were used by [117] to study the filled or filled 
and toughened adhesive material strain energy release rate for both adhesive systems. 
The authors concluded that both fatigue modes I/II have a significant impact on the 
fracture progression as both of the modes developed local stress concentrations at the 
crack tip. Furthermore, the authors concluded the range of the mode I energy release 
rate was the key component to controlling the fatigue damage progressively and there 
was an increase in the crack growth rate as long as the ratio of mode I over mode II 
increased.  
In the actual situations there was a relief period (rest periods) and then a loading period. 
This case was investigated by [118] to examine the stress distribution and fatigue mode 
II loading impact on the aluminium and CFRP joints. The authors used the thermo-
elasticity to monitor the relief in the aluminium during cyclic loading. In particular the 
stress distribution, load progressive at the tip zone and relief time impact were 
monitored. The impact of the two different states of crack initiation were also 
investigated by using pre-cracked and non-cracked fillet specimens.  
Highly toughened epoxy-based adhesive exhibited a low crack growth rate. This was 
studied by [119] to understand the fatigue threshold of this epoxy system. The authors 
assumed different crack initiation conditions including pre-cracked and fillet 
specimens with respect to the strength of the bond interfacial and loading conditions. 
The outcomes indicated the fatigue endurance level was very similar for both pre-
cracked and non-cracked fillet specimens. Meanwhile the interfacial stress values were 
lower when using pre-cracked specimens with the crack growing quickly from that.  
As a result, the failure stress level was sonically lower in pre-cracked specimens 
compared to non-cracked fillet ones.  
Nonlinear finite element analysis was conducted by [120] to address the stress field 
generated at the adhesive single lap joint (SLJ) with a simulation changeable crack 
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position along the joint length. The result showed there were critical values of fatigue 
loads that can lead to critical values of energy rate released. As a result, this will have 
a significant impact on the crack growth rate practically in the last stage of crack 
propagation. These values are lower by two or three times than the critical strain 
energies for the crack growth by only applying static loading. 
Crack growth rate monitoring is still considered a key component in the accuracy of 
any study. Therefore, many methods and techniques have been suggested, such as, x-
radiograph ultrasonic, optically, and chirped fibre Bragg grating.  
The chirped fibre Bragg grating was used with embedded sensors inside the adhesive 
bonding line of the single lap joint of CFRP by [121] in order to investigate the crack 
propagation under fatigue loading by means of reflected spectra from the sensors. The 
outcomes show the possibility of recognizing the peak in the reflected spectra as the 
start of crack initiation and the start of the dis-bonding process.    
Double lap joints (DLJ) of metal/CFRP were used by [122] to investigate 
experimentally and numerically the crack initiation and propagation  under fatigue 
loading in order to examine the fatigue crack mechanism. The optical technique was 
used to monitor the crack growth rate in both stages. The outcomes indicate that the 
fatigue damage was mainly driven by peel stress as a response to the tensile mode 
loading.  
Ultrasonic and compliance monitoring for the crack growth was used by [123] in the 
adhesive bonding line of single lap joints (SLJ). The authors presented crack growth 
data from fatigue loading of the joint by means of initial bond line flaws.  
Tracking the crack zone progression can be considered a very difficult task. Therefore, 
the experimental methods can be one of the best approaches that can be used especially 
in non-homogeneous material such as CFRP. [124] used experimental approaches in 
order to study the crack progression along with the fatigue loading state for the 
adhesively bonded joint of composite materials. The authors used the X-radio-graphs 
to digitize the damage zones in the crack tip, and then scaling down was used for the 
fractal and multifractal in order to calculate the nature and damage behaviour in the 
instantaneous location of crack frontages.  
[125] demonstrated the ability of using X-radiography to distinguish between the 
different stages of crack propagation; cracked, micro-cracked or undamaged locations 
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of the adhesive material of the single lap joint (SLJ). This technique can be useful in 
monitoring the damage zones at the crack tip.   
 
2.5. Summary.  
In the section 2.1, the importance of using composite materials to reduce the weight of 
different modern applications to reduce gaseous emissions are reviewed. The best 
ways in which composite materials such as carbon fibre can be integrated into these 
applications are addressed. Through this part, adhesive bonding is determined as the 
best possible option for the various benefits it provides. Therefore, the adhesive joints 
have been chosen in the current research while aluminium and carbon fibre were 
selected based on a future vision in the direction of expanding the use of this mixture 
of materials in the manufacture of both automobile and aircraft structures.  
In section 2.2, the most important factors affecting the efficiency of the joining, such 
as surface treatments and environmental factors were reviewed. Due to the blurred 
image of the impact of the UV rays and the failure of visions about their use in the 
process of speeding up the curing procedure or the long-term deprivation impact of the 
joint performance, a set of direct experiments had to be developed for the most 
significant factors representing the core variables in ultraviolet radiation. Three 
parameters are identified which include: exposure duration, iteration level and finally 
the associated temperature with UV radiation. Therefore, three chapter are designed to 
experimentally investigate the influence of the previous parameters on the joint 
adhesively bonded single lap joint, CFRP tensile samples and three-points bending 
samples made of adhesive materials.  
In section 2.3, the fatigue performance after being exposed to different environmental 
condition is reviewed. Few articles and researches have dealt with the UV influence 
on the fatigue life. As a result, an experimental test plan has been designed and 
implemented in this study to provides important information to close the gap in 
knowledge.  
As a result of this review of the literature, the following research questions have been 
identified: 
What is the surface treatments influence on joint strength and fracture modes? Can 
we control the fracture modes by adopting certain surface treatments? Can we have 
consistent results, so it can be used as a baseline for the next chapters?  
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 What is the influence of the UV exposure on the joint strength and fracture modes? 
 What is the influence of UV intensity level (irradiation level) on the joint strength 
and fracture modes. 
 What is the influence of associated temperature on the joint strength and fracture 
mode?  
 Does the exposure duration, intensity level and associated temperature have an 
influence on fatigue life and residual stress?  
 
The following chapters of this thesis are targeted to respond to the above research 










Chapter three  
 
3. Experimental design.  
 
n this chapter, a detailed description of all materials, sample preparation methods, 
and experimental methods will be presented. Moreover, there will be an 
explanation of the equipment and devices used to complete the experiments. It 
will also clarify the purpose of each group of experiments and their importance to 
achieve the general and special research objectives. 
The experimental procedures in the current research can be divided into three 
interrelated key parts:  
The first part includes basic experiments to neutralize a set of factors that may affect 
the results in other chapters. It was important, for example, to single lap joints to study 
the effect of surface treatments, type and speed of loading as well as the effect of curing 
conditions on the stresses, strain and fracture modes. These basic practical experiments 
provided a basis to study the other factors that the current research focuses on.  
In the second part, the focus was largely on the effect of one of the most important 
environmental factors, namely sun erosion, on the mechanical properties of adhesive 
joints. This is followed by a study of the effect of solar radiation on carbon fibre and 
adhesive material individually as well as in an assembled joint. Three factors were 
addressed by designing a set of experiments to answer the basic questions in the current 
research. These internal factors determine the effect of solar radiation on the efficiency 
and performance of the materials involved in the research. These factors are: time, 
intensity of radiation and finally the heat associated with solar radiation. 
Therefore, groups of experiments have been designed for this purpose, taking into 
consideration the basic experiments from which the current research was conducted. 
More than 200 different samples were tested at this stage and were studied 
scientifically and some of these samples were subjected to additional tests to achieve 
the current research objectives. 
I 
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To this stage, only static tests such as tensile, shear and bending were carried out, 
which required that the third part of the experiments be extended towards dynamic 
tests to study the same conditions of solar radiation such as the exposure duration of 
radiation and the effect of changing the intensity of radiation and heat associated with 
it on the performance of the samples under dynamic load conditions known as the 
fatigue loading system. Defining the age of failure of an adhesive joint is a major 
challenge due to the nature of different materials and their responsiveness to different 
operating conditions. Here it was necessary to design groups of experiments trying to 
focus on the factors that the present study aims to achieve. Therefore, the dynamics 
factors were first studied, the amount of mean load exerted and then the loading 
frequency and then the study of the effects of solar radiation on the fatigue age. 
In addition to all the previous primary stages, many different tests and measurements 
have been carried out. These include the use of surface topography equipment, thermal 
ovens, advanced cutting tools, modern laser machines, ultrasonic cleaning equipment, 
ageing chamber, sampler and preparation tools, modern scanning electron microscopes 
SEM and many more. All these steps will be explained in this chapter.  
 
3.1.  Tests methodology.  
The experimental procedure is shown in Figure 3. 1. The chart shows the different 
levels and the requirements for each level of the test procedure. 
 
Figure 3. 1. General flow direction of the test plan and factor levels 
The experimental work includes: 
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3.1.1. Materials selection. 
The materials selection is based on the visons of the future car manufacturing 
process and the possible materials which maybe used [126]. The modern trends 
show a high tendency to utilise light weight material in main components of 
the car structure where the aluminium and the CFRP are in the highest range 
of the materials that have good strength / weight ratio compared to other 
materials as shown in Figure 3. 2[127].  
 
 
Figure 3. 2. CFRP and aluminium strength to weight ratio [127]. 
Davies, Geoffrey [128] suggests that the car structure should maintain high 
safety standards in terms of structure rigidity, stiffness and should achieve the 
goals of weight reduction. The CFRP can reduce the weight significantly [72, 
129] and the aluminium can maintain the high stiffness required for 
maintaining high safety standards. However, the structure rigidity relies mainly 
on the joint performance. Therefore, the aluminium 6061-T6 is used in the 
current research as a high strength and light weight metal component.            
Table 3. 1 shows the Al6061-T6 properties. Furthermore, CFRP panels were 
made of 9 and 7 layers of T-700 carbon fibres of 300 g/m2 density hand-layup 
infused in epoxy resin RIM935 and hardener RIMH937 and cured at 60o C for 
8 hours Table 3. 2. The sheets were made in two thicknesses of 2 and 3 mm. 
The 3 mm sheets were made of 9 layers unidirectional layup, while the 2 mm 
sheets were made of 7 layers in three layup settings of unidirectional, 900 and 
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Table 3. 1. Aluminium properties [130, 131] 
Name: 6061-T6 Al Alloy    
Chemical compostion : .67 Si, 0.32 Fe, 0.32 Cu, 0.014 Mn, 1.06 Mg, 0.21 Cr,  0.007 
Zn, 0.02 Ti, other 0.05, balance Al  
 
Title Value   
Composite Type 6061-T6 Alum   
E11 (Mpa) 6.83E+04 Effective Young's modulus of the 
material in the axial 11-direction 
E22 (Mpa) 6.83E+04 Effective Young's modulus of the 
material in the transverse 22-
direction 
E33 (Mpa) 6.83E+04 Effective Young's modulus of the 
material in the transverse 33-
direction 
G12 (Mpa) 2.62E+04 Effective shear modulus of the material 
in the 12-direction 
G13 (Mpa) 2.62E+04 Effective shear modulus of the material 
in the 13-direction 
G23 (Mpa) 2.62E+04 Effective shear modulus of the material 
in the 23-direction 
NU12 3.30E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 2-direction in 
response to an imposed 
extension of the material mid-
plane in the 1-direction 
NU13 3.30E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 3-direction in 
response to an imposed 
extension of the material mid-
plane in the 1-direction 
NU23 3.30E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 3-direction in 
response to an imposed 
extension of the material mid-
plane in the 2-direction 
CTE1 (mm/mm/C) 1.31E-05 Thermal expansion coefficient of the 
material in the 11-direction. 
This coefficient governs the free 
expansion or contraction of the 
material mid-plane in the 1-
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direction due to a uniform 
temperature change. 
CTE2 (mm/mm/C) 1.31E-05 Thermal expansion coefficient of the 
material in the 22-direction. 
This coefficient governs the free 
expansion or contraction of the 
material mid-plane in the global 
2-direction due to a uniform 
temperature change 
CTE3 (mm/mm/C) 1.31E-05 Thermal expansion coefficient of the 
material in the 33-direction. 
This coefficient governs the free 
expansion or contraction of the 
material mid-plane in the global 
3-direction due to a uniform 
temperature change. 
 +S1 (Mpa) 2.59E+02 Normal tensile strength of the material 
in the 11-direction 
 +S2 (Mpa) 2.59E+02 Normal tensile strength of the material 
in the 22-direction. 
 -S1 (Mpa) -2.53E+02 Normal compressive strength of the 
material in the 11-direction 
 -S2 (Mpa) -2.53E+02 Normal compressive strength of the 
material in the 22-direction. 
S12 (Mpa) 1.93E+02 Shear strength of the material in the 12-
direction 
 +e1 (mm/mm) 3.80E-03 Normal strain in the 11-direction caused 
by uniaxial tensile stress +S1 
 +e2 (mm/mm) 3.80E-03 Normal strain in the 22-direction caused 
by uniaxial tensile stress +S2. 
 -e1 (mm/mm) -3.70E-03 Normal strain in the 11-direction caused 
by uniaxial compressive stress -
S1. 
 -e2 (mm/mm) -3.70E-03 Normal strain in the 22-direction caused 
by uniaxial compressive stress -
S2 
e12 (mm/mm) 7.37E-03 Shear strain in the 12-direction caused 
by shear stress S12. 
K1 (W/mm/K) 1.56E-01 Thermal conductivity of the material in 
the 11-direction. 
K2 (W/mm/K) 1.56E-01 Thermal conductivity of the material in 
the 22-direction. 
K3 (W/mm/K) 1.56E-01 Thermal conductivity of the material in 
the 33-direction 
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Density (g/mm3) 2.71E-03   
 
 
Table 3. 2. CFRP properties [132] 
Name: T700_Epoxy description 
Title Value   
Composite Type Unidirectional  
  
Fibre Vf 5.70E-01   
Thickness (mm) 1.50E-01   
E11 (Mpa) 1.23E+05 Effective Young's modulus of the 
material in the axial 11-direction 
E22 (Mpa) 8.30E+03 Effective Young's modulus of the 
material in the transverse 22-
direction 
E33 (Mpa) 8.30E+03 Effective Young's modulus of the 
material in the transverse 33-
direction 
G12 (Mpa) 4.80E+03 Effective shear modulus of the material 
in the 12-direction 
G13 (Mpa) 4.80E+03 Effective shear modulus of the material 
in the 13-direction 
G23 (Mpa) 2.84E+03 Effective shear modulus of the material 
in the 23-direction 
NU12 3.00E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 2-direction in 
response to an imposed 
extension of the material mid-
plane in the 1-direction 
NU13 3.00E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 3-direction in 
response to an imposed 
extension of the material mid-
plane in the 1-direction 
NU23 4.60E-01 Poisson ratio interpreted as the free 
contraction of the material mid-
plane in the 3-direction in 
response to an imposed 
extension of the material mid-
plane in the 2-direction 
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 +S1 (Mpa) 1.40E+03 Normal tensile strength of the material 
in the 11-direction 
 +S2 (Mpa) 1.80E+01 Normal tensile strength of the material 
in the 22-direction. 
 -S1 (Mpa) -8.50E+02 Normal compressive strength of the 
material in the 11-direction 
 -S2 (Mpa) -9.60E+01 Normal compressive strength of the 
material in the 22-direction. 
S12 (Mpa) 1.60E+01 Shear strength of the material in the 12-
direction 
 +e1 (mm/mm) 1.14E-02 Normal strain in the 11-direction caused 
by uniaxial tensile stress +S1 
 +e2 (mm/mm) 2.17E-03 Normal strain in the 22-direction caused 
by uniaxial tensile stress +S2. 
 -e1 (mm/mm) 6.91E-03 Normal strain in the 11-direction caused 
by uniaxial compressive stress -
S1. 
 -e2 (mm/mm) 1.16E-02 Normal strain in the 22-direction caused 
by uniaxial compressive stress -
S2 
e12 (mm/mm) 3.33E-03 Shear strain in the 12-direction caused 
by shear stress S12. 
Density (g/mm3) 1.55E-03   
 
Figure 3. 3. CFRP layup settings (a), (b) and (c) 2 mm thick (d) 3 mm thick  
 
The adhesive material used in the current investigation is the Spabond 340 
provided by (Gurit Company). The mix ratio 2:1 by weight of epoxy to 
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hardener was recommended by the manufacturer up to 15 min in a slow mixing 
rate. Further properties are shown in Table 3. 3. 
This type of adhesive is especially used for the bonding of the composite 
materials such as CFRP. It is specifically designed to meet the requirements of 
composite materials for composite materials bonding or the composite 
materials bonding to other types of metals. It is widely used in the racing car 
industry and in the racing boat industry. It is supposed to be resistant to a good 
level of vibrations resulting from rapid loading in both above applications. 
Furthermore, this adhesive material can be used in repairing of composite 
materials and in case of breakage or damage. 





























2.557 0.912 0.4 1.11 1.94 33.4 11.0 77.4 
 
3.1.2. Samples configurations  
To attain the research goals, three types of samples were prepared: 
• CFRP – tensile samples (3 different layup setting) Figure 3. 4 based on 
the ASTM D-3039 [133],[134] and ASTM D-638[135] 
recommendations with The dog-bone shape used as modification to the 
ASTM3039 when the fracture area controlling is required as peer [136, 
137].   
• 3 Points bending test samples (adhesive material) Figure 3. 5 based on 
the ASTM D790 − 15[138]. 
• Adhesively bonded Single lap joint (SLJ) CFRP/AL (3 different CFRP 
layup setting) Figure 3. 6 based on the ASTM D3165-07 [139]. 
 
Figure 3. 4. CFRP tension samples 





Figure 3. 5. Three points bending tests adhesive material sample 
 
Figure 3. 6. Single Shear Lap Joint (SLJ) sample 
3.1.3. Cutting process.  
To prepare the samples, different cutting methods were performed. The water jet 
Figure 3. 7 was used to cut the CFRP and aluminium sheets to the desired dimensions. 
The water jet machine is a safe and accurate machine and produces clean and very 
smooth edges. This will minimise the risk of edge-delamination of the CFRP or crack 
initiation at the cutting edges. The aluminium was provided by (Aluminium Auction- 
Australia) in 3 mm thick sheet. Then it was cut by the OMAX 55100 water jet machine. 
The bonding edges are polished and cleaned to minimise the edge effect during the 
bonding process[140, 141].  




Figure 3. 7. Water jet machine- OMAX 55100  
To prepare the 3 points bending samples (made of the adhesive material), Plastic 
moulds were used to prepare the samples which were then cured in an electrical 
furnace between 650 to 750 C for 8 hr based on the manufacturer recommendations. 
Later, the samples were shaped back and polished to the desired dimensions as in 
Figure 3. 5 based on ASTM D790 − 15 [138]. 
 
3.1.4. Surface treatments.  
The pre- surface treatments are considered a key component in the adhesively bonded 
joints. The type of surface treatments can significantly affect the joint strength and 
fracture modes [32, 142]. Therefore, in the current research, two types of surface 
treatments were performed. The mechanical surface treatment was used to modify the 
aluminium substrate and laser surface treatment was used in the CFRP side. The level 
and impact of the different surface treatments are explained in detail in Chapter 4.  
The mechanical surface treatments were achieved by means of a precise mechanical 
marking/ cutting device as well as by mechanical abrasion of the aluminium surface 
by different grades of sandpaper.  
Table 3. 4 shows the different mechanical surface treatments performed on the 
aluminium surface.  
 
The specimens 
and water pool  
Control unit 
and graphic 
user interface  
Water jet nozzle     
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Table 3. 4. Mechanical surface treatments performed on the aluminium surface 
 
The mechanical surface treatment chosen was clean, safe, and less chemically 
hazardous. For the same reasons, the laser surface treatment to the CFRP is used. The 
laser surface treatment for the CFRP is used to minimises the potential damage to the 
CFRP surface structure and to achieve safe and clean removal to the outside epoxy 
dominated matrix for better load transferring from the adhesive material to the CFRP.  
The speedy 500- Tectonic laser machine shown in Figure 3. 8 is used. It has all the 
industrial properties and is not just" for laboratory experimental only. The CO2 laser 
beam was used by regulating the speed of the laser head to the power (intensity) of the 
laser as shown in Table 3. 5. The different ratios were investigated by Khaleel, et al. 
[32] and recommendations are given based on the strength, strain and fracture modes.   
 
Figure 3. 8. TROTEC 500 Laser machine specifications. 
 





Further information about the surface treatments can be found in chapter 4.  
Surface treatment type Level of treatments 
No treatments  No treatments  
Mechanical pattering 1 mm spacing 0.5 mm spacing 
Mechanical abrasion 80 µm 240 µm 600 µm 
Case symbol A B C D E F G 
Power (watt) 90 70 50 100 100 100 100 
Speed (m/s) 100 100 100 70 50 30 10 
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3.1.5. Ultrasonic cleaning.  
Even with all precautions that were taken to produce clean and less contaminated 
surface, the ultrasonic cleaning is found to be a very critical step and could enhance 
the surface energy to produce better attraction between the adhesive material and the 
surfaces [143]. Therefore, 15 minutes of ultrasonic at 35 Co was performed prior to the 
bonding process, see Figure 3. 9.  
 
Figure 3. 9. Ultrasonic setup 
This included immersing the samples in desalted water and running the ultrasonic for 
15 minutes at water temperature of 350 C. Later the samples were cleaned by rinsing 
the bonded area with Acetone to ensure better drying conditions for the samples. After 
these steps, the samples have become ready for the bonding process.   
3.1.6. Mixing procedure.  
The bonding process involves mixing the adhesive (epoxy + hardener) by 2:1 ratio 
volumetric or weight with an error percentage not exceeding 5% to ensure a 
homogeneous mixing between the epoxy and the hardener. This is done so as to avoid 
uncompleted chemical interaction and to avoid accumulation of non-reacted particles 
due to the increase in the hardener substance or presence of large airgaps due to 
increasing of the epoxy [144].  
The mixing was conducted manually and followed the manufacturer instructions for 
at least 15 minutes at lab temperature (230-250 C). The process should be performed 
accurately and continuously to avoid any aggregates and under tight insulation 
conditions to ensure the cleanliness of the process. 
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To control the bonding thickness, a special thickness of 0.3 mm of silica sand was 
added to the adhesive material at a rate of 0.1% of the total weight of the mixture to 
maintain the thickness of the adhesive layer within 0.3 mm. This simple amount of 
silica sand was considered when microscopic analyses were performed and when the 
fracture pattern was studied. The most important point is to conduct the bonding 
process within 15 minutes after the mixing process is finished and before the adhesive 
material start the first phase of hardening.   
3.1.7. The curing processes.  
The curing of the bonded joint contains two phases. The first is to heat the joint 
(adhesive materials) to a temperature ranging between 65 Co and 75 Co for 8 hr in a 
controlled heat flux electrical furnace as in Figure 3. 10 to ensure total removal of the 
fast hardening stresses and to ensure the uniformity of the adhesive on all the bonded 
area with continuous pressure by special clippers. This is followed by a full recovery 
stage with a stay of at least one week at room temperature. During the second period, 
the interaction between the surface of the adhesive material and the adherents is 
completed, as well as the thermal stresses resulting from the previous stage are 
eliminated [32, 145]. 
 
Figure 3. 10. Controlled heat flux electrical furnace 
It is useful to mention here that any slight change in bonding procedures may generate 
unexpected effects on the strength of the bonding and the adhesive material. Therefore, 
all the steps necessary for preparing the samples should be strictly followed. In 
particular, we are talking about an interaction layer between adhesive and the surfaces 
not exceeding  5- 10 molecules at best [146]. 
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3.2. UV exposure procedure.  
The Uvsiat- weatherometer chamber is used Figure 3. 11 to deliver controlled UV 
dosages based on the Melbourne – Australia UV levels. The ASTM G 154 – 00a [147] 
standard was  used and modified to simulate the UV level and exposure duration. Three 
different dosages were designed to study the exposure duration, UV intensity level and 
the associated temperature on the different samples and their possible effect on the 
strength, strain and fracture modes.  
 
Figure 3. 11. The Uvsiat- weatherometer chamber and samples settings. 
The UV dosages and their properties are shown in Table 3. 6. These different dosages 
are designed based on weather condition of Melbourne -Australia annual UV levels  
[69, 80]. 
Table 3. 6. UV dosages properties 
Dosage 
number  
Irradiation  Wavelength  Type  Source  Temp.  
Baseline  No direct irradiation  
Scenario 1-D1 0.5 w/m2/nm 340 nm  340 - A 8 Florescent bulbs  400 C 
Scenario 2-D2 1 w/m2/nm 340 nm  340 - A 8 Florescent bulbs  400 C 
Scenario 3-D3 1 w/m2/nm 340 nm  340 - A 8 Florescent bulbs  600 C 
  
It remains to be mentioned that the level of dose that can be obtained through the aging 
chamber cannot in any way match with the dose obtained through the real sun. Several 
reasons can be attributed to this difference as Gregory R ,et al [148] explained. 
However, an appropriate dose can be designed by using aging chambers to simulate 
the closest part of the ultraviolet spectrum [80]. Figure 3. 12 shows that the 
convergence between the real sun and the radiation in the aging rooms can occur at the 
wavelength range around 340 nm. This gives a narrow but very effective window for 
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practical experimentation on various engineering materials. The evolution of 
technology in the manufacturing of aging chambers has allowed the renewal of 
concepts about the role that sunlight radiation plays as a key factor in addition to other 
environmental factors. 
Figure 3. 12. UV-A340  correlation to the actual sunlight [85]. 
3.3. The mechanical tests  
Different mechanical tests were conducted in the current research. Shear test and 
fatigue tests were used in the single lap joint investigations, tension test for the CFRP 
samples and three-point bending test for the adhesive material evaluations.  Therefore, 
different equipment was used: Instron 50 kN for shear tests, Instron 50 kN and 100 kN 
for the CFRP tension tests, Instron 10 kN for three-points bending test as well as 25kN 
MTS for the fatigue investigation; refer to Figure 3. 13, Figure 3. 14 and  Figure 3. 15  
for Instron 50 kN, MTS 25 kN and Instron 10 kN respectively. These tests were based 
on ASTM standard.  
 
Figure 3. 13. Instron 50 kN load cell for CFRP tension test setup  




Figure 3. 14. MTS 25kN load cell for SLJ fatigue test setup. 
 
Figure 3. 15. Instron 10kN load cell for adhesive material three-points bending test 
setup  
The current research plan includes tests for three different types of samples for three 
different compositions of carbon fibre. The type and numbers of samples are shown in 
Table 3. 7, Table 3. 8, Table 3. 9 and finally Table 3. 10.  
Table 3. 7 represents the three scenarios of solar radiation that have been used to study 
the effect of solar radiation on carbon fibre samples, while the Table 3. 8 represents 
the same sceneries but on the samples of the single lab joints. In Table 3. 9, it represents 
the experimental plan for bending samples of adhesives. Finally,  
 
Table 3. 10 represents the test plan for fatigue investigation based on the three 
scenarios of exposure to solar radiation. It is important to stress here that all three 
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scenarios are carefully designed and implemented to reflects this thesis main 
objectives.  





Exposure duration, hr 
Total 
0 40 80 160 
Scenario 1-D1 
00 5 3 3 3 14 
450 5 3 3 3 14 
900 5 3 3 3 14 
       
Scenario 2-D2 
00  3 3 3 9 
450  3 3 3 9 
900  3 3 3 9 
       
Scenario 3-D3 
00  3 3 3 9 
450  3 3 3 9 
900  3 3 3 9 
Total  15 27 27 27 96 
 




Exposure duration, hr 
Total 
0 40 80 160 
Scenario 1-D1 
0 5 3 3 3 14 
45 5 3 3 3 14 
90 5 3 3 3 14 
       
Scenario 2-D2 
0  3 3 3 9 
45  3 3 3 9 
90  3 3 3 9 
       
Scenario 3-D3 
0  3 3 3 9 
45  3 3 3 9 
90  3 3 3 9 
Total  15 27 27 27 96 
Table 3. 9. The 3PB of adhesive samples test plan in respect to the three UV 
exposure scenarios 
UV- dosage 
Exposure duration, hr 
Total 
0 40 80 160 
Scenario 1-D1 5 5 5 5 20 
Scenario 2-D2 5 5 5 5 20 
Scenario 3-D3 5 5 5 5 20 
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Table 3. 10. Fatigue test plan of SLJ in respect to loading parameters and exposure 
scenarios. 
 
3.4. Fracture modes investigations.  
Studying the fracture modes of the different samples are considered as an essential 
step to understand the crack initiation and propagation based on the loading system. 
For the single lap joint pulled by pure sheer setup, the fracture modes can be either 
cohesion, adhesion or mostly mixed modes. In some cases, inter-delamination inside 
the CFRP composites may happen. For the CFRP pulled by axial load the fracture can 
vary depending on the layup- setting and CF filaments orientations. In the same 
manner, for the fracture modes in the adhesive material subjected to bending loading 
regime, the fracture can be brittle straight or ductile and zig-zagged based on the 
environmental and loading conditions. Therefore, classifying the fracture modes 
consists of using a microscope such as in Figure 3. 16 and using imagining techniques 
to align the results with the available standards of calcifications.  
 






Scenario no. Exposure 
time (hr) 
Temp. C Number 
of samples 
Mean load and frequency investigation 
5 5, 10, 15. 5 4 Baseline 0 Room 12 
4 5 4 3 Baseline 0 Room 4 
3 5 3 2 Baseline 0 Room 4 
2 5 2 1 Baseline 0 Room 4 
UV exposure level and associated temperature investigation 
5 15 5 4 Scenario 1-D1 160 40 4 
5 15 5 4 Scenario 2-D2 160 40 4 
5 15 5 4 Scenario 3-D3 160 40, 60 8 
UV exposure duration investigation 
5 15 5 4 Scenario 3-D3 40, 80 60 8 
Total samples        48 
        




Figure 3. 16. Computer controlled microscope with changeable lens  
 
Figure 3. 17. Scanning electron microscope (SEM) 
For further fracture analysis, Scanning Electron Microscope (SEM) model JOEL JSM-
IT300 shown in Figure 3. 17 was used to study the different features of the selected 
specimens. Later, the Energy Dispersive Spectroscopy (SEM-EDS) analysis was 
performed for some samples to study the chemical variation of the different materials 
after having been exposed to the UV radiations.  
For samples to be examined by SEM, the samples should be coated with a thin layer 
of gold not exceeding 5.30 nm in order to ensure that the sample is conductive and to 
ensure a high-resolution image with adequate magnification. For the coating process, 
the LEICA EM ACE600 coating machine shown in Figure 3. 18 was used, where the 
thickness of the coating layer can be controlled through a graphical user interface. This 
coating process is necessary for non-conductive samples such as carbon fibre or epoxy. 
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Without the coating process, it is not possible to obtain accurate and magnified images 
or to conduct SEM-EDS chemical analysis of the surfaces. 
 
Figure 3. 18 . LEICA EM ACE600 coating machine 
 
3.5. Surface measurements.  
The surface measurements of the samples were performed using the Alcona Infinite 
Focus system as shown in Figure 3. 19. The device enables the user to photograph the 
topography of the surfaces and then form a three-dimensional surface which can then 
have many different calculations performed on it on it. Surface roughness and profiling 
reflect the two most important forms that determine the shape and nature of the surface, 
where the effect of surface treatments can be studied on surface or profile roughness. 
In addition, it is possible to study the effect of various environmental factors on the 
surfaces of various materials such as carbon fibre, epoxy or adhesives. 
Alicona Infinite Focus system was used in the study of the effect of surface treatments 
and enabled the observation of the difference between surfaces before and after surface 
treatments. It was then used again to study the effect of solar radiation on surface 
topography before and after exposure to different periods of solar radiation for 
different types of samples. In each case, the readings were taken by five readings per 
sample to obtain stability and consistency in the results. 
 




Figure 3. 19. Alicona infinite focus for surface measurements 
 
 





Chapter four  
   
4. Surface pre-treatments influence on the joint 
strength and fracture modes 
 
n many previous studies [30-39] that have focused on the effect of environmental 
degradation on the properties of bonding by adhesive materials, there is an 
overlap in the results due to the studies neglecting the effect of surface treatment. 
This results in a dispersion of the results and a scattering of fracture modes. One of the 
main reasons for the overlap of the results is that the effect of environmental factors is 
largely concentrated to a very narrow region confined between the interfaces of the 
adhesive and the materials to be glued. Bonding composite materials, such as carbon 
fibre, enhances the chances for the dispersion of results if surface treatments are 
neglected.  This is very much because of the nature of the carbon fibre’s surface, and 
the difficulty of obtaining the same quality of surface without surface treatments. For 
the purpose of neutralizing the effect of neglecting the need for surface treatments, it 
was necessary to conduct a detailed investigation on the best possible form of surface 
treatments so as to provide repeatability in the results when studying the rest of the 
variables. Therefore, pre-bond surface treatments were performed on both aluminium 
and CFRP. Each of the two ends of the joint has different physical and chemical 
properties than the other as shown in Table 3. 1 and Table 3. 2. Therefore, the 
interaction of the adhesive material with the CFRP or aluminium surfaces is very 
different, which causes a great difference in the nature of the surface treatments 
required to create a balance between the strength of the joint and the type of fracture. 
At this point, it is logical to define the surface pre-treatments term, which means all 
the pre-bonding operations conducted on the adherent’s surfaces to either enhance the 
strength of the bond, the fracture modes or both.  For multi-materials applications, the 
surface treatment is a more serious aspect because the adhesive materials have 
different behaviour on each side of the adherents. In other words, the dissimilar 
properties of the adherents cause the adhesive material to act as medium and the 
adhesive- adherent’s relationship can vary depending on the surface interacting with 
the adhesive material such as mechanical interlocking, chemical reaction, magnetic 
I 




and ionic connections. Many methods have been adopted in the literature, all the 
suggested methods are still limited by the ability to be commercially generalised, by 
environmental impact or by operational costs.  
This chapter will define the performance of a surface treated bond between aluminium 
sheet and CFRP. This will provide a base-line for bond performance for the following 
chapters. It will also confirm qualitatively that the surface treatments improve the bond 
strength value as well as controlling the fracture patterns, as seen in the literature [42].  
The control over fracture patterns is very important in many applications where the 
fracture pattern is the crucial point in the trade-off between the different types of 
materials that can be used in a given location. Furthermore, CFRP surfaces were 
improved by utilizing laser technology. The outcomes indicate that the cleanliness of 
the CFRP surface is critically important in improving the surface quality. Furthermore, 
to maintain minimum damage to the CF threads while conducting laser treatments 
depends on the laser beam speed and laser intensity level. Therefore, more work is 
necessary to develop processes for each CFRP type. The conclusions from this chapter 
further improve our understanding about the role surface pre-treatments can play to 
improve the joint strength and fracture modes. The main findings of this chapter have 
been published in [32]. 
 
4.1. Materials and test setup.  
Single Lap Joints (SLJs) based on ASTM D3165-07 [139] as  shown in Figure 3. 6 are 
used. The SLJ is made of 7 layers of unidirectional T-700 carbon fibre immersed in 
epoxy resin. Then it is bonded by spabond 340 to aluminium 6061-T6 and cured for 8 
hr at 650-700 C. The aluminium, CFRP and the adhesive materials properties are 
explained in Table 3. 1, Table 3. 2 and Table 3. 3 respectively. To test the curing of 
the samples, the samples’ bond strength was tested at 1 day and 1 week after bonding. 
The Instron 50 kN load cell as shown in Figure 3. 13 is used at two different strain 
rates.  
4.2. Aluminium surface treatments.  
Mechanical surface pre-treatments are performed on the aluminium side of the joint. 
This is the first part of overall surface treatments for both sides of the joint. The 
aluminium surface is treated by means of sand paper and mechanical patterns. The 
overall treatments are listed in  




Table 3. 4.  The following surface pre-treatments were adopted prior to adhesive 
bonding of the lap-shear test samples: 
1. Mechanical Abrasion: Abraded with sand paper of 600 µm or 240 µm then 
rinsed with acetone followed by ultrasound cleaning for 15 min at 35o C to 
ensure a clean surface was achieved.  
2. Mechanical Patterning: Patterning with line spacing of 0.5 mm and 1 mm as 
in Figure 4. 1, then rinsed with acetone followed by ultrasound cleaning for 15 
min at   35o C to ensure that a clean surface was achieved.  
The proposed mechanical surface treatments of the aluminium have been reported 
previously as a cheap alternative that can improve the joint strength [32, 44, 149]. 
However, the variation in the surface roughness values (high – low) was not focussed 
on in the literature. This research, therefore, will examine the influence of different 
surface roughness on the joint performance in terms of load and fracture modes. 
 
Figure 4. 1. Mechanical patterning – aluminium surface [32]. 
4.2.1. Surface roughness measurements of Al. 
By using the Alicona Infinite Focus shown in Figure 4. 2, surface roughness 
was measured as explained in Table 4. 1.  
 






Figure 4. 2. Alicona Infinite Focus (AIF) surface measurement system components. 
 
 Table 4. 1. Surface roughness of different surface treatments of aluminium alloy and 
for baseline condition of CFRP 
 
 





































Surface treatments Ra1 μm Ra2 μm Ra3 μm Ra4 μm Ra5 μm 
Ra mean 
μm 
(a) AL-Machining 0.5 mm  5.387 5.477 5.288 5.314 4.979 5.289 
(b) AL-Machining 1 mm  4.976 5.102 4.900 5.385 5.128 5.098 
(c) AL-Abraded 240 µm  1.102 1.502 1.476 1.357 1.250 1.337 
(d) AL-Abraded 600 µm 1.204 1.345 1.288 1.298 1.315 1.290 
(e) AL-No treatment  1.417 1.437 1.433 1.430 1.399 1.423 
(f) CFRP- no treatments  2.625 2.568 2.787 2.452 2.554 2.597 




Figure 4. 4. Different surface treatment topology (a) 0.5 mm spacing. (b) 1 mm 
spacing.  (c) 240 µm breaded. (d) 600 µm breaded. (e) AL - no treatment. (f) CFRP – 
no treatment. 
The measurement was taken by building a 3-D surface image Figure 4. 3, then taking 
five readings for each surface to ensure accurate readings.  The mean value of the five 
different readings for each surface treatment are shown in Table 4. 1. The highest 
reading was when using the 0.5 mm mechanical patterns with no noticeable difference 
from the 1 mm mechanical treatment. Then (Figure 4. 4: a, b, c, d, e, f) shows the 
surface topology analysis for the various surface roughness readings. Figure 4. 3 shows 
2 levels of roughness, a high level based on machining (5Ra), and a low level of 
roughness (no treatment or sand paper). 
4.2.2. Lap joint shear strength setup and results.  
Once the curing process of the samples was completed, the samples become ready for 
testing on the Instron 50 kN load cell as shown in Figure 3. 13. The test was conducted 
at two different loading rates and for two different types of curing times to study the 
effect of the loading speed rate and the curing conditions on the joint strength, strain 
and fracture modes. The test was repeated five times for each case. The overall results 




(a) (b) (c) 
(d) (e) (f) 




Table 4. 2. Load to failure of different curing conditions and different test speed rates 
according to different surface treatments. 
 
 
Figure 4. 5. Load carrying capacity of SLJ for different curing conditions and strain 
rate with respect to different surface treatments. 
From Figure 4. 5 we can conclude that there is a clear difference between the as-
received (e) (without surface treatment) and the surface treated samples. Increasing the 
recovery time from 24 hrs to more than a week clearly contributes to increasing the 
joints ability to withstand higher forces. Thus, the samples needed more than 24 hours 
to fully cure despite what the bond manufacturers may suggest. There is some variation 
in the load carrying capacity between different types of surface treatments. The case 
(c) (AL-abraded 240 μm) had a constant strength across both time periods. For the 
samples that had cured for one week, the 0.5mm machined surface appeared to have a 






















AL-Machining 0.5 mm AL-Machining 1 mm AL-abraded 240 µm
AL-abraded 600 µm AL-No treatment
Load rate 0.5 
mm/min @ 24 hr 
Load rate 0.1 
mm/min@ 24 hr 
Load rate 0.5 
mm/min @ week

























Load kn 0.5 
mm/min  






later   
24 hr 
later   
week later   week later   
(a) AL-Machining 0.5 mm 7.36 8.55 1.16 8.88 11.51 1.35 
(b) AL-Machining 1 mm 6.35 7.32 1.15 9.66 10.36 1.41 
(c) AL-Abraded 240 µm 9.39 9.46 1.01 9.26 9.58 1.01 
(d) AL-Abraded 600 µm 6.61 9.04 1.37 8.88 9.06 1.00 
(e) AL-No treatment 3.33 4.44 1.33 4.57 5.01 1.13 




rate. The surface roughness readings shown in Figure 4. 3 are lower compared to those 
in the literature [46, 51] However, relative to the previous work in the literature, in the 
current investigation, different carbon fibre grade were used. Furthermore, Gomatam 
and Sancaktar [47] investigated a different material system (stainless steel) and de 
Silva [42] used aluminium to aluminium joints, therefore, the results may not be 
matching in numbers. 
4.2.3. Fracture modes analysis.  
The ability of surfaces to transfer load from one side to the other of the bond is a 
function that depends mainly on the bonding ability between the surfaces and the 
adhesive material. The main factor in the adhesion between the adhesive and the 
surfaces lies in a balance between the surface tension model and the internal bonding 
of the adhesive particles. When the strength between the surface and the adhesive 
becomes higher than the internal strength between the adhesive particles, then we 
expect the failure to be inside the adhesive material and vice versa. The adhesion 
material must interact with one of the three basic methods (mechanical, chemical, 
atomic) with the surface to ensure a transfer of strength and provide a balance between 
the adhesion with the surfaces and the cohesion ability. 
Based on the sample’s failure modes after more than a week of curing time as in      
Figure 4. 6, we can state that the ratio of surface failure between aluminium and 
adhesive material is 70 % in the case of using 600 µm sand paper. This ratio changes 
to surface failure between the carbon fibre and the adhesive when using 240 µm sand 
paper with damage to the carbon fibre. In contrast, there is a shift in the fracture mode 
when using parallel lines of 1 mm spacing to 60% between aluminium and adhesive, 
while the use of parallel lines with a distance of 0.5 mm achieved a higher stability 
between the carbon fibre and aluminium surfaces to be the most fractured within the 
adhesive. Compared to baseline state (no-treatments in case (f)) we can notice that all 
the above cases have better fracture modes and higher loading capacity. 





Figure 4. 6. Fracture modes as function to surface treatments. 
It is important to consider that topographical characteristics of the surface and the 
ability of the adhesive material to penetrate into the pores due to the low adhesive 
viscosity plays a critical role in increasing the interfacial shear strength of SLJ based 
on the mechanical interlocking model with sufficient wettability conditions  [150]. 
However, this theory does not explain the results for the surfaces with low roughness, 
where the surface has been abraded. 
It is observed that the fracture modes follow a brittle behaviour for all the samples 
which have been tested, and the damage in the CFRP structure is shown in Figure 4. 7 
and Figure 4. 8 respectively. 
Surface treatments on the aluminium surface have clearly increased the ability of the 
joint to withstand higher stress levels. Although the surface treatment was simple in 
grinding the oxidising layer of the aluminium surface, the results were excellent 
compared to the baseline condition. In addition to improvement in stress values, the 
change in the fracture pattern is the most important and obvious. The samples in the 
baseline were, in the case of an interfacial fracture mode between the adhesive material 
and the aluminium surface, exceeding 80% of the samples. This ratio is reduced to less 
than 15% and the fracture becomes in the adhesive material or adhesive material and 
carbon fibre surface. That is, the fracture has shifted from the aluminium side to 
becoming more apparent in the area between the adhesive material and the carbon fibre 
(a) AL-Machining 
0.5 mm, Mixed 
mode failure.  
50% interfacial on 
both sides  
  
(b) AL-Machining 1 








mode failure.  
90% interfacial 
failure on CFRP 
side 
  
(d) AL- Abraded 
600 µm, Mixed 
mode failure.  
70% interfacial 
failure on 
aluminium side  
  
(f) No- treatments.  
100% interfacial 
failure on 
aluminium side  
  
  




surface. The change that has taken place is limited to the type of adhesive material 
used and the pattern of the used processors; in other words, the current results can be 
generic only with more experiments needed to provide a wider range of experiments. 
 
Figure 4. 7. Brittle fracture mode and airgaps inside the adhesive materials for 
sample (a) AL-machining 0.5mm spacing. 
Figure 4. 7 is a SEM image taken from case (a) sample, where the fracture edge of the 
adhesive material is showing. The fracture can be described as sudden, catastrophic, 
and brittle fracture, as the adhesive material has been severely broken in a 
perpendicular direction with applied load (shear load in this case).  
 
Figure 4. 8. Interfacial crack propagation through the adhesive material for sample 
(c) AL-Abraded with 240µm sand paper. 




We also observe that the air gaps contribute to the identification of the cracks in the 
adhesive. However, in view of Figure 4. 8 we can conclude that the defects and gaps 
on the contact surface between adhesive and adherents (especially the aluminium) 
determine the basic fracture pathways regardless of the size and shape of defects and 
air gaps within the adhesive. It is important to be careful as it is difficult to speculate 
which of the cracks will lead to the final failure due to the difficulty to determine the 
paths of failure, but based on the Cohesive Zone Model (CZM), once the amount of 
stress in the cracks tip higher than the cohesion strength between the particles of 
adhesive, the crack will expand in that direction until it changes course due to the 
obstacle or adoption of an easier path to expand as shown in Figure 4. 8.  
In Figure 4. 9, CFRP interlaminate fracture can be seen. This happens when the cracks 
extend from the adhesive material into the CFRP structure. In this particular case, we 
cannot assume that the cohesive zone model (CZM) can be applicable because the 
CFRP structure is anisotropic and interrupted by CF filaments. However, the 
interlaminate fracture mode are considered as a key issue for the researchers. Beside 
the interlaminate fracture inside the CFRP, we can see irregular rupture of the CF 
filaments due to the high-tension load. These high stress concentration points usually 
start at the free edge of the CFRP as shown in Figure 4. 10.  
 
Figure 4. 9. Interlaminate fracture inside the CFRP for sample (a) AL-machining 0.5 
mm spacing. 





Figure 4. 10. Stress concentration at the free edge of CFRP  
4.3. CFRP surface treatments.  
Laser surface pre-treatment of CFRP was identified as a faster and cleaner method that 
requires less chemical treatments than conventional methods [31]. A significant 
improvement in joint strength after laser surface treatment was reported by [31, 52]. 
However, the joint strength depends on several parameters such as the type, intensity, 
shape and direction of laser treatment [53, 151]. By adopting the laser treatments, less 
damaged fibre structure can be achieved, and this enables a more uniform load transfer 
across the joint. Moreover, it can be easily introduced to be commercialised in industry 
[31, 53, 152]. While many laser parameters can affect the joint quality, laser head 
speed and beam intensity are the most significant two parameters that can be regulated 
to fit with different types of composites. The CFRP surface was treated by using 
(TROTEC- speedy 500) machine as in Figure 3. 8 (chapter 3) with consideration being 
given to using a range of speed / power ratios of laser type (CO2). The power and speed 
of treatments were selected based on the manufacturer recommendations. The 
graphical user interface enabled the editing of patterns, as well as controlling the speed 
and power of the laser beam. The configuration utilised consisted of one pattern of 
surface treatments as shown in Figure 4. 11, while the power level and speed of 
treatment was adjusted to reach the desired surface roughness without affecting the CF 
structure were shown in Table 4. 3.  





Figure 4. 11. The pattern of laser treatments  
 
Table 4. 3. The laser power and speed settings 
Case 
symbol 











100 100 100 70 50 30 10 
 
 
4.3.1. Surface roughness measurements of CFRP 
Again, the Alicona Infinite focus device shown in Figure 4. 2 was used to measure the 
surface roughness before and after the surface treatments of CFRP by laser beam. Five 
readings were taken for each case to ensure consistency and accuracy of results. The 
results of readings are shown in Table 4. 4 where the surface roughness is plotted 
against the laser surface treatments parameters as in Figure 4. 12.  









Ra1 μm Ra2 μm Ra3 μm Ra4 μm Ra5 μm 
Ra mean 
μm 
(a) 90 100 1.118 1.1244 1.1145 1.2101 1.1221 1.138 
(b) 70 100 1.1485 1.1374 1.4674 1.3989 1.1263 1.256 
(c) 50 100 1.3918 1.4268 1.38647 1.3863 1.4453 1.407 
(d) 100 70 1.4793 1.5115 1.4985 1.3983 1.4689 1.471 
(e) 100 50 2.1752 2.1876 2.2165 2.2264 2.1985 2.201 
(f) 100 30 2.2188 2.31456 2.1998 2.2384 2.3114 2.257 
(g) 100 10 5.8669 6.2294 6.1358 5.9836 6.1784 6.079 
(h) Mechanical 0.5 mm 2.7725 2.9842 2.6794 3.1758 2.9784 2.918 
(i) No - treatments  2.6249 2.5675 2.7874 2.4521 2.5538 2.597 
 





Figure 4. 12. Surface roughness as a function of laser treatment parameters. 
In general, reducing the processing speed and increasing the laser beam intensity leads 
to a more severe effect on the surface. Increasing the speed and reducing the intensity 
of the beam reduces the roughness of the surface after treatment. Thus, these two basic 
elements can be controlled to provide surface treatment by removing the epoxy layer 
without damaging the fibres as shown in Figure 4. 13. 
The highest roughness value was case (g), with an Ra of 6.079 μm; that is over twice 
the magnitude of all other conditions. However, topographical Figure 4. 14 and optical 
microscopy Figure 4. 15 showed noticeable damage to the CF structure than other 
treatments. This kind of damage can actually reduce the joint strength [31] as it can 
introduce crack/damage initiation points that lead to delamination of the CFRP layers 
and result in earlier interfacial failure. Therefore, less damage to the carbon fibres is 
more important than a higher surface roughness [52, 153].   
 
Figure 4. 13. SEM image of CFRP surface before and after laser surface treatments 





Figure 4. 14. Surface topology of the CFRP as function of the power p and speed v: 
(a) 90 p@100 v laser; (b) 70 p @100 v laser; (c) 50 p @100 v laser; (d) 100 p @70 v 
laser; (e) 100p @ 50 v; (f) 100 p @30 v; (g) 100 p @ 10 v; (h) mechanical treatment; 
(i) no – treatments 





Figure 4. 15. Surface images of the CFRP as function of the power p and speed v: (a) 
90 p@100 v laser; (b) 70 p @100 v laser; (c) 50 p @100 v laser; (d) 100 p @70 v 
laser; (e) 100p @ 50 v; (f) 100 p @30 v; (g) 100 p; @ 10 v (h) mechanical treatment; 
(i) no – treatments. 
 
Figure 4. 16. SEM images for the damage caused by the surface treatments; (g) high 
intensity and low speed laser treatment; (h) mechanical surface treatments. 
 




The damage in cases (g) and (h) as shown in SEM images in Figure 4. 16 shows that 
they were not appropriate for the bonding process, mainly for the reason that the 
damage extended inside the CFRP and may reduce the joint stability. Therefore, the 
shear tests were only conducted on the cases (a), (b), (c) and (i), as shown in              
Table 4. 5.  






































24 hr later 24 hr later Week later Week later 
(a) 
Al-machined 
0.5 mm+ 90 
p/ 100 s 
CFRP 
25.15 0.0039 25.27 0.004 25.95 0.00435 25.98 0.00498 
(b) 
Al-machined 
0.5 mm+ 70 
p/ 100 s 
CFRP 
29.98 0.00478 30.76 0.00498 31.65 0.00512 31.85 0.00519 
(c) 
Al-machined 
0.5 mm+ 50 
p/ 100 s 
CFRP 
37.07 0.00628 39.23 0.00698 41.67 0.00703 41.43 0.00694 
(i) 
Al-machined 
0.5 mm+ no 
treatment 
CFRP 
24.8 0.00533 25.12 0.00591 25.94 0.00562 25.84 0.00556 
 
The shear test procedure consists of testing different surface treatments regarding two 
different curing procedures and for two different strain rates.  
4.3.2.  Lap joint shear strength setup and results.  
Five tests were conducted for each case using a screw-driven Instron 50 kN frame at 
two different crosshead speeds, 0.1 and 0.5 mm/min. The variation in the five readings 
do not exceed  5 % of error; this can be justified by the test conditions and adhesive 
material thickness variation[154]. Figure 4. 17 shows increasing strength by adopting 
controlled setting of the laser power and speed. The 50 watts and 100 m/s laser 
treatment in case (c) resulted in a slight increase in the surface roughness, however, a 
significant increase in joint strength compared to the cases (a) and (b). The higher 
strength of (c) is likely due to better mechanical interlocking between the adhesive 
material and CFRP resulting from the higher surface roughness. The Ra value of the 
untreated joint was higher yet resulted in lower joint strength than case (c). It is thought 




that this result can be related to the contaminated surface that leads to a reduction in 
surface energy and hence, less joint strength [52]. 
Again, there was a slight increase in joint strength for the longer cure time in all cases      
Figure 4. 17. However, the only significant difference was in case (c) where 10% of 
strength increase was reported after 7 days of curing. The amount of displacement 
before failure showed similar trends to the strength results for the different surface 
treatments. More deformation before failure is considered an advantage for many 




Figure 4. 17. Stress and strain results when varying curing times with respect to the 
surface treatments. 
It seems from Figure 4. 18 that changing the displacement rate (test speed) from 0.1 to 
0.5 mm / min does not affect the end result of the strength to the point of failure. The 
efficiency of surface treatment cannot only be judged by the value of maximum stress 
to failure without linking the improvement of the value of stress with the value of the 
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in some applications, a higher value of the pre-failure strain gives the joints a longer 
life before failure.  
 
 
Figure 4. 18. Stress and strain results when varying strain rate with respect to the 
surface treatments. 
 
4.3.3. Failure mode analysis.  
The failure mode is an essential aspect to understanding the joint behaviour. Three 
failure modes typically appear in any adhesive joint fracture investigations; adhesion, 
cohesion and mixed mode. Adhesive failure is the interfacial failure between the 
adhesive material and the adherents, cohesive failure is the failure that happens within 
the adhesive material, while mixed mode is a combination of adhesive and cohesive 
modes. In the current investigation, it was observed that the failure mode depended on 



















mm+ 90 p/ 100 s 
CFRP
Al-machined 0.5 
mm+ 70 p/ 100 s 
CFRP
Al-machined 0.5 
mm+ 50 p/ 100 s 
CFRP
Al-machined 0.5 
mm+ no treatment 
CFRP









Strain - Varying test rate 
















Al-machined 0.5 mm+ 
90 p/ 100 s CFRP
Al-machined 0.5 mm+ 
70 p/ 100 s CFRP
Al-machined 0.5 mm+ 
50 p/ 100 s CFRP
Al-machined 0.5 mm+ 
no treatment CFRP









Stress- Varying test rate 
Stress Mpa   0.5 mm / min Week later Stress Mpa 0.1 mm/min Week later




Figure 4. 19 shows the failure mode for case (a) (90 watts/100 m/s) was approximately 
100% interfacial adhesion failure mode after the 24-hr curing time, however, this 
decreased to approximately 80% interfacial failure mode and 20% mixed mode (or 
delamination within the CFRP) with increasing the curing time to 7 days. 
In case (c) the adhesive/interfacial failure mode was 40-50% of the total area after 24 
hr curing, and this percentage decreased to 30-40% after 7 days curing time.            
Figure 4. 20 also shows that the untreated joint, case (e), had 95-100% adhesive failure 
after 7 days curing time. 
This is a substantially higher percentage than the laser treated joints that were cured 
for the same period. It is good to mention that the calculations of the failure percentage 
were performed by using (KLONK image measurements software). 
 
Figure 4. 19. Fracture modes as function to different laser treatments: (a) 90 watts 
/100 m/s 24 hr curing time, (b) 90 watts/100 m/s one week curing time, (c) 50 
watts/100 m/s 24 hr curing time, (d) 50 watts/100 m/s one week curing time and (e) 
no surface treatment for the CFRP one week curing time 
 
Figure 4. 20. Brittle fracture behaviour at the edge of fracture of the adhesive 
material 





Figure 4. 21. Crack at the edge of airgap on the surface of the adhesive material  
The scanning electron microscopy SEM images in Figure 4. 20 taken from case (c) 
after 1 week of curing duration shows there is a brittle behaviour and castrophic failure 
at the adhesive material. This is typical behaviour of fracture and has been reported 
previously by [155, 156].  
Once again, the air gaps and defects on the adhesive material surface Figure 4. 21 in 
conjunction with the features on the CFRP surface determine each crack’s initiation 
point, as well as the crack propagation. As was mentioned before, defining which is 
the dominating crack that led to the final behaviour is not an easy process and accurate 
judgement cannot be made until the fracture inspection process is compete.  
It can be concluded from the results from all of Section 4.3 that the laser surface 
treatment of CFRP should be set to 50 Watts at 100m/sec.  This surface treatment 
setting provided the highest average bond strength and the least amount of interfacial 
failures. 
4.4. CFRP orientation influence.  
So far, only unidirectional CFRP were investigated. However, this is not the situation 
in many applications. Therefore, it is logical to see the influence of the CF orientation 
on the fracture modes and strength of SLJ made with CFRP and aluminium. 
4.4.1. Effects of the CF orientation on the surface roughness. 
In this section, the influence of the orientation on the surface roughness is presented 
with consideration of two different cases: Firstly, without surface treatments and 




Secondly, by adopting laser surface treatments based on the previous recommendation 
settings.  
 
Figure 4. 22. CF filaments orientation proposed in the current investigation 
Three differ layup setting were used in the current investigation as shown in            
Figure 4. 22. Then the CFRP surface was treated with laser beam of 50-watt power 
and with treatment speed of 100 m/s. This setting, as shown in the previous section, 
produces clean surfaces without damaging the CF filaments. Later the surface 
roughness Ra measured by means of (Alicona Infinite Focus) as in Figure 4. 2 where 
5 readings were taken for each case and the results are shown in Table 4. 6 and the 
surface topology is shown in Figure 4. 23. 
Table 4. 6. Average of surface roughness before and after laser treatments of CFRP 
Layup setting  Before laser treatment Ra 
(μm) 
After laser treatment Ra 
(μm) 
0 – unidirectional  0.4322 1.5455 
45 degrees  1.1672 5.0471 
90 degrees  1.1149 6.5629 






Figure 4. 23. Surface topology before and after laser treatments for different CFRP 
layup settings. 
The method that is used to make the reading is by taking the reading from a line which 
passed along the designated area as shown in Figure 4. 24 to ensure the reading 
includes as much as possible the whole area with avoidance where possible of the gap 
areas.  
 
CFRP 45 layup setting  
CFRP 0 layup 
 setting  
CFRP 90 layup setting  
Before  
After  





Figure 4. 24. Surface profile measuring method 
 
Figure 4. 25. Roughness values before and after surface treatments for different 
layup settings  
From Figure 4. 25, the roughness of 0 ° layup is the lowest before and after surface 
treatment. The amount of increase after surface treatment is less compared to the 
increase in the roughness of the 45° or 90° layup settings. However, in Figure 4. 26 
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and 90°. This means that regardless of the roughness of the surface, the carbon fibre 
orientations still have the highest influence on the joint strength. 
4.4.2. Effects of the CF orientation on the ultimate shear stress.  
The carbon fibre orientation had a strong influence on the ultimate shear stress.      
Figure 4. 26 indicates that the highest shear stress occurs when the fibres are aligned 
with the load.  The lowest shear stress occurred when the fibres are at a 45° orientation 
to the load. There are some concerns about the influence of the fiber orientation on the 
ability of load transfer through the adhesive joint. For CFRP samples, it is identified 
that the inline fibbers (with load direction) have a better ability to transfer the load, 
this is well discussed by Kojiro Morioka and Y. Tomita [157]. However, this is not the 
case when the CFRP is part of single lap joint. Many other factors can have a greater 
influence on the load transfer ability such as: mechanical interlocking between the 
adhesive materials and the CF filaments (as in case of 900) or the ability to return 
higher strain value (as in case of unidirectional), this is well presented by 
Satthumnuwong et al [158]. It is reasonable therefore to assume that each weave 
pattern of carbon fibre influences the shear stress value as well as the pattern of fracture 
modes obtained at the end. It is logical that the stress value obtained in the 
unidirectional state is different from the 90-degree pattern.  
 
Figure 4. 26. Stress- strain relationship for three different layups setting of the CFRP. 
From Figure 4. 26 we can conclude that the amount of stress varies according to the 
layup orientation of the carbon fibre layers. It is not possible to tie the stress results in 
any way to the surface roughness as shown in Table 4. 6, but to the ability of the 
adhesive material to extend in the load direction (shear stress in this case)[159]. This 































It is important to point out here that Figure 4. 26 represents selected samples of five 
samples per case to reflect the effect of changing the direction of carbon fibre on both 
the maximum stress value and the value of the strain recorded at maximum stress as 
well. Later these selected cases were used as the basis for future analyses in chapter 5 
to chapter 7. 
 
4.5. Summary  
This chapter provides a base-line for the bond strength and failure modes between 
aluminium sheet and CFRP.  The effect of different surface pre-treatments on the 
strength of joint, strain and failure modes were presented. A series of mechanical 
methods for improving the surface properties of aluminium were reviewed, taking into 
account their low environmental impact and their ease of commercial application. On 
the other hand, the effect of the factors that control the laser beam for use in carbon 
fibre surface treatments was studied with consideration to the cleanliness of the surface 
and not to damage the carbon fibre itself.  
It has been noted that the adoption of environmentally-friendly methods has attracted 
the attention of many industrial companies in line with the general trends towards 
environmentally friendly technology. The current research focused on basic methods 
without the use of any chemicals and using applicable technologies. In all the methods 
used, we note that there is an increase in strength when using surface treatments for 
bonding aluminium. This is accompanied by a change in the fracture mode of a 
complete separation between the surface of the aluminium and the adhesive (interfacial 
failure mode – adhesion) to become a mixture between the interfacial fracture and the 
fracture within the adhesive (cohesion mode).  
It should also be concluded that for the bonding system used for this thesis, the duration 
of curing to a period of more than a week will stabilize the strength, while there was 
no noticeable effect of the strain rate on the strength of the joint or even the overall 
fracture modes. 
A laser was used to improve the carbon fibre surface. This method is quick and ensures 
high cleanliness and can be adjusted to modify surface properties to provide better 
mechanical bonding. While the roughness of the surface is the main factor that affects 
the bonding strength of the adhesive and the surface of the aluminium, the situation is 
different when dealing with the surface of the carbon fibre. The most important factors 




are the cleanliness of the surface and the orientation of the carbon fibre filaments.  The 
results from the surface treatments indicate that laser processing parameters should be 
set at 50 Watts and 100m/sec for all subsequent set-ups in the following chapters.  This 
process setting provides the highest average bond strength and the least amount of 
interfacial failures. 
One of the most important contributions that has been made in this study is to 
achieve the stability in the fracture modes and a significant improvement in the stress 
values, and thus provide the opportunity to use the output of this chapter as a basic 
input for subsequent chapters that will illustrate the effect of ultraviolet radiation. The 
stability in the results of this chapter provides an important basis for preventing the 
interference of the neglect of surface treatments from the effects of environmental 
variables such as ultraviolet radiation. As a result, study of the impact of environmental 
variables in isolation from surface treatments significantly results in the dispersion of 
outcomes and leads to difficulty in classifying them in qualitative terms.






Chapter Five   
 
5. Ultra- Violet exposure duration influence  
 
   
he study of the impact of solar radiation on many different materials has 
become the interest of many researchers and industrialists alike. One of the 
most important factors to consider is the extent to which these materials are 
affected by increasing the time of exposure to solar radiation. For example, how long 
does it take to produce a retrograde effect on the material properties? and how, is 
exposure to low levels of solar radiation sufficient to produce a significant effect? 
There is a limited amount of previous research work conducted with regard to solar 
radiation and bonding, and it has concentrated on civil engineering materials.  Zhao et 
al. [58] conducted an extensive analysis of steel/CFRP joints under a range of 
environmental conditions, including accelerated solar radiation. This chapter will 
extend upon this work to investigate the accelerated solar radiation effects on the 
aluminium/CFRP joint, which is more relevant to the automotive industry. 
The primary objective of this thesis is to investigate the influence of the ultra-violet 
(UV) exposure duration on the joint strength and fracture modes. The previous chapter 
provided a base-line of performance for aluminium/CFRP joints that have had no 
significant exposure to UV radiation.  This chapter will investigate the influence of the 
UV exposure duration on the CFRP and adhesive material separately. This includes 
mechanical properties of CFRP tensile samples, SLJ of CFRP/ aluminium shear test 
samples and 3 Point Bending Tests made of adhesive materials. Attention to the 
alteration in strength variation as well as strain and fracture modes will be considered, 
and the potential variation will be correlated with the given possible reasons in term 
of applicable explanations that can be adopted to justify the results. To the author’s 
knowledge, this is the first full investigation of accelerated UV exposure tests to 








5.1. Influence of the UV exposure duration.  
One of the main parameters that determine the UV influence is the exposure duration. 
This is defined as the time where the samples are exposed to a specific dosage of UV 
radiation.  
The UV chamber used in this current investigation as shown in Figure 3. 11 enables 
the delivery of a specific accelerated dosage within a short time compared to natural 
exposure procedure. Therefore, the dosage delivered in this current investigation is 
chosen to reflect the UV influence from a short amount of time to a moderate exposure 
depending on ASTM -G151[160] and ASTM-G154 [147] standards and real exposure 
data collected through years of UV observation from Australian Bureau of 
Meteorology (BOM) for Melbourne city; see Figure 5. 1.  
 
Figure 5. 1. Average solar energy for Melbourne – Australia – BOM  
The amount of ultraviolet  (UV) radiation absorbed by the material that causes damage 
to the surface can be calculated by the equivalent damage model presented by Chin 
[161]  as follows: 






 ………………….……(5. 1) 
where: Dtot(t) = total effective dosage, Eo(, t) = spectral irradiance, A(, t) = spectral 
absorbance of the sample, () = spectral quantum yield of the material,  min and 
max are the minimum and maximum photolytically effective wavelengths, 
respectively. It can be seen from Equation (5.1) above that time is one of the significant 
terms and can have potential damage influence by increasing the time of exposure. 


































Sadler et al  [80] the average outdoor dosage for a year in Melbourne - Australia ranges 
from 250 MJ/m2 to 385 MJ/m2. This is a similar solar dosage of Florida-USA of 280 
MJ/m2 according to Shokrieh [77]. 
 
Figure 5. 2. UV-A340  correlation to the actual sunlight [85]. 
In the current research Australia – Melbourne UV exposure level was chosen. ASTM-
G151 suggest using a wavelength of 340 nm to simulate the sunlight exposure. The 
reason is that 340 nm provides a narrow window but with the same exposure 
characteristics of sunlight, see Figure 5. 2.  
The proposed model used in the current research is illustrated in Figure 5. 3 which 
present the influence of UV radiation and how it reflected or transmitted through the 
joint which it may affect the joint strength and fracture mode. 
Now, to simulate the Melbourne- Australia UV distribution, acceleration factor should 
be used by modifying the irritation level and exposure time. To start with, an 
irradiation level of 0.5 W/m2/nm was chosen as the starting point for three different 
exposure durations of 40 hr, 80 hr and 160 hr with baseline of 0 exposure.  
At a low level of UV radiation of 0.5 W/m2/nm @ 340 nm (winter range spectrum), 
the amount of energy emitted can be calculated based on the flowing method according 
to Nguyen et L  [69] by calculating the acceleration factor first : 
 
Acceleration ageing factor = proposed irradiation level / average irradiation level of 
specific location (Melbourne in this case) …………………………………(5. 2) 
Acceleration factor = (0.5 W/m2/nm) / (0.55w/m2/nm) = 0.909090909 ≈ 0.91 




The energy emitted in ageing chamber = acceleration factor * energy emitted for a 
year of specific location ………………………………(5. 3) 
The energy for proposed irradiation level = 0.91* 222 kJ/m2/h = 201.8182 ≈ 200 
kJ/m2/h 
The time needed to deliver one-year energy = (natural energy * 103) / accelerated 
energy………………………….(5. 4) 
Time to deliver energy = (222 kJ/m2/h*1000) / 201.8182 kJ/m2/h = 1100 hr (for 12 
months)  
This means approximately 90 hr per month. Then for given times of 40 hr, 80 hr and 
160 hr this equals approximately 15 days, one month, and almost two months of 
exposure respectively.  
 
Figure 5. 3. The irradiation of the CFRP/aluminium joint. 
5.2. The influence of exposure duration.  
In this section, three different types of samples were exposed to controlled exposure 
level at constant temperature for three different durations. The samples were: single 
lap joint specimens, CFRP tensile specimens and three points bending samples of 
adhesive materials. 
5.2.1. Single lap joint.  
Three different orientations of CFRP were used to made SLJ of CFRP and 6061-T6 
aluminium, as shown in Figure 3. 6, which were exposed to controlled UV radiation 
of 0.5 kw/m2/ nm @ 340 nm at 400 C. The samples were produced by following the 
procedures in Chapter 3- Section 3.1. The samples were also subjected to the following 




surface pre-treatments defined from Chapter 4: a laser surface treatment of 50 watt and 
100 m/sec on the CFRP, while the aluminium side was abraded by 240 μm sand paper.  
Tests were carried out by the Instron 50 kN load cell as in Figure 3. 13 with strain rate 
of 0.1 mm/min and by five readings per case, as shown in Table 3. 8. 
The UV radiation influence on the joint strength is shown in Figure 5. 4. There is a 
gradual reduction in the joint strength as the exposure time is increased from the 
baseline to 80 hr. The joint strength reduction falls with a higher rate after 80 hr to 160 
hr exposure time. The reduction did not follow a linear relationship over the full 160 
hrs. The weight reductions were also observed too, and this has been previously 
reported by [69].  
The decrease in the strength values by increasing the exposure time of the UV radiation 
are accompanied by a decrease in the strain to failure for the 00 and 900 orientations.  
The 450 orientation appears to have a steady strain after 40 hr exposure. 





Figure 5. 4. Stress, strain and weight reduction as function of exposure duration for 
different layup settings of CFRP/ aluminium SLJ 
The reduction in the stress may be because the joint is reaching a saturation condition 
[162], which means that the materials can absorb a certain amount of the radiation until 
there is a reaction that changes the connection between the CFRP or aluminium and 
the adhesive material. Because it is believed the photooxidation occurs internally and 




at the interface, it can affect the interfacial chemical ties and may lead to reduced joint 
ability to transfer the load [163].  
 
Figure 5. 5. Stress-strain relationship for three CFRP layups setting as function of 
different UV exposure times - Selected cases. 
In the same manner, strain reduction was recorded in all cases by increasing UV 
exposure time. The strain response shown in Figure 5. 5 were from selected examples 
from a total of five reading of each case; from this we  can see that there is brittle 
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in the strain in most cases especially after 160 hr of exposure is shown. It is not clear 
what is the main reason behind this trend, therefore, further chemical investigation is 
needed in future. 
The lay-up of the CFRP highly affects the joint strength as well as the fracture modes. 
It can see from Figure 5. 5 that the baseline unidirectional samples stress level is twice 
as high as of the 45o layup setting and about 20% higher than the 90o CF layup setting. 
Similarly, this is also discussed by Meneghetti et al. [164]. Moreover, the UV exposure 
duration did not affect this ratio of strengths in various orientations. In other words, 
the UV exposure appears to have more effect on the adhesive material, therefore the 
reduction percentage is proportional to the baseline condition. 
5.2.2. Fracture modes analysis. 
The fracture modes are shown in Figure 5. 6 based on the failure type, failure location 
and percentage. These three parameters can be considered as a new modification to 
standard classification ASTM D5573-99 [165]. These parameters are explained as in 
Table 5. 1. To calculate the percentages, a specific image processing application 
(ImageJ) is used instead of the traditional method of a grid drawn on a clear film placed 
over failure surface.  
Table 5. 1. Modified fracture modes classification criteria based on ASTM-D5573-
99 
 
Studying the fracture modes of the adhesive joints are an essential step to understand 
the crack initiation and propagation based on the loading system. For the single lap 
joint pulled by pure shear, the fracture modes can be either cohesion, adhesion or 
mostly mixed modes. In some cases, inter-delamination inside the CFRP composites 
may happen. This delamination can be occurring when the stress inside the CFRP 
composites becomes higher than the local failure stress, while the stress inside and 
around the adhesive material has not reached its failure stress.  
Failure type  Location (usually) 
D= Delamination of the CFRP CFL= Inside the CFRP (interlayers) 
A=Adhesion failure type  AL= Interfacial failure (aluminium side) 
C= Cohesive failure mode AD= Cohesive failure inside the adhesive material structure  
E= Adhesion failure type  CF= Interfacial failure (CFRP side) 






































































































































































































































































































































































































































































































































A AD 100% 










A AD 100% 
 
Table legend: Red = excluded; White is normal; Blue is chosen to be 
presented in Figure 5. 6 above 




Referring to Figure 5. 6 and Table 5. 2, the changes in most cases. For example, for 
unidirectional CF layup, most of cases at the baseline were M(D+A) by (D=80% and 
A=20%) and after 160 hr of UV exposure the fracture modes remain M(D+A). 
However, the percentage becomes (D=20% and A=80) and this means the fracture 
modes have shifted from mostly inside the CFRP to interfacial failure mode between 
the aluminium side and the adhesive materials. Another example in the case of 45o 
layup setting, the fracture modes shifted from mostly M(D+C) of (D=98% and C=2%) 
to a different category with different percentage to M(D+A) of (D= 90% and A= 10%) 
after 160 hr. Although the fracture remains within the carbon fibre, there is a shift in 
fracture from the breakage inside the adhesive to a more interfacial breakage between 
the aluminium and the adhesive material.  
The results would seem to support that the UV exposure degrades the adhesive more 
than the CFRP and the aluminium, as the failure modes shift from inside the CFRP to 
the adhesive.  
There may be a perception that the delamination in the carbon fibre layers is the result 
of a poorly manufactured sample. However, two basic steps have been taken, the first 
point of which is that the samples were cut by the water-jet machine as in Figure 3. 7, 
where after the cut, the edge of cut is microscopically checked as in Figure 5. 8 and 
found to has fewer cracks compared to the traditional way of cutting and then decreases 
the delamination in the carbon fibre layers at the edges of the cut. The second point 
is the adoption of surface treatment by laser, which means the removing of the epoxy 
layer that covers carbon fibre. Therefore, all the delamination in the carbon fibre side 
can largely be linked to UV exposure of the CFRP resin. 
















































































































































































































































































































































































































































































































































A AD 100% 










A AD 100% 
 
Table legend: Red = excluded; White is normal; Blue is chosen to be 
presented in Figure 5. 6 above 




The Scanning electron microscopy images shown in Figure 5. 7 show the brittle nature 
of the fracture of the adhesive materials as well as the irregular rupture of the CF 
threads that are in contact with the adhesive material.   
 
Figure 5. 7. SEM images of the brittle nature of fracture and irregular rupture at the 
CFRP structure. 
5.3. CFRP tensile samples.  
The study of the effect of ultraviolet radiation on the components of the joint requires 
an analysis of its effect on the properties of the materials individually. This effect will 
be studied on carbon fibre in this section, and in the subsequent section on the adhesive 
material. The effect of ultraviolet rays on aluminium is known and has been studied 
previously, so there is no need to repeat this in the current research. Although the value 
of exposure is relatively low in this part of the research, the effect can be inferred by 
observing changes in certain properties such as weight, tensile stress value, fracture 
pattern and, to a lesser extent, the strain values. 
After identifying the factors that can be inferred from the effect of UV radiation on the 
different properties of carbon fibre, the tensile samples of carbon fibre were 
manufactured as in Figure 3. 4 based on the ASTM D3038 [133] and [134]. The water 
jet machine in Figure 3. 7 is used to cut the CFRP to produce samples with the least 
number of defects in the cut edges that could be formed if traditional cutting methods 
were used; see Figure 5. 8. 
Irregular rupture 
of the CF 
threads  
Brittle fracture 
of the adhesive 
materials   





Figure 5. 8. The difference between (a) water jet cutting and (b) cutting wheel. 
5.3.1. CFRP stress condition  
The influence of the UV exposure as shown in Figure 5. 9 shows that the UV exposure 
did not have a very significant influence on the CFRP mechanical properties when the 
exposure duration was around 40 hr and 80 hr. However, more variation was observed 
when the exposure time was increased to 160 hr. This influence was not consistent, 
and the strain values were also considered. Once again, the influence of the layup 
settings is more visible and can be easily distinguished among the three proposed layup 
setups. 
These cases, shown in Figure 5. 9, were selected carefully to link the fracture modes 
by the strain and stress conditions when considering the UV exposure time.  
From Figure 5. 9 it can be seen that the baseline stress conditions for each of the layup 
settings show noticeable differences in the stress–strain relationships. The 
unidirectional and 450-layup conditions show classic brittle material behaviour, and 
once the load reaches the highest value (UTS), the fracture occurs immediately without 
any noticeable failure progression. On the other hand, the 900-layup setting had a more 
non-linear response. After the first initial sign of failure, there is a decrease in the 
hardening curve.  The non-linear rate of hardening decreases until the ultimate stress 
point, where upon the sample softens rather than having a catastrophic failure (such as 
in the case of unidirectional and 450 layup conditions). The total strain until final 
failure is much higher than with the unidirectional and 450 layup conditions. 
 







Figure 5. 9. Stress – strain relationship for different layup setting and different UV 
exposure durations- selected cases. 
The difference in the maximum load values between unidirectional and 900 layups 
setting is 20%, as well as 50% between the 900 and 450 lay ups. This illustrates the 
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stress-strain curve trend. On the other hand, there is an obvious decrease in maximum 
stress values with increased exposure to ultraviolet radiation. This trend is not linear. 
In the case of lay up of 450 there is a decrease in the maximum stress with increased 
exposure, but this does not apply to the strain values. However, the stress at the 900 
layups, because the fracture occurs at an early stage in general, so the difference in 
stress values is relatively small and it is difficult to determine the difference. It is 
possible to observe a clear difference in the strain values, but in a volatile manner as 
we mentioned previously. In general, there is a slight decrease in stress and there is 
also a decrease in strain from the baseline condition. This type of mechanical property 
change in this section is similar to the temperature influences on the mechanical 
properties of the CFRP as described by Lopez et al. [166]. The UV exposure influence 
on the 900- layup reduced the maximum stress value and minimized the strain in the 
same manner. This was particularly noticeable when exposure time was 160 hours.  
5.3.2. Fracture modes analysis.  
After the tensile test, the samples were photographed and classified according to the 
fracture pattern based on the ASTM D3039-08 [133] specification. The samples were 
categorized according to three basic criteria: fracture type, area and location where the 
main failure occurred. These three criterions are explained in details as shown in            
Table 5. 3 and Figure 5. 10.  
Based on the specification in Table 5. 3, it is possible to develop a characterization of 
the fracture pattern based on the criteria in Table 5. 4, which shows the fracture modes 
of the three types of CF layup for different UV exposure durations. It is obvious that 
the effect of the layup orientation is significant and large compared to the effect of 
ultraviolet radiation, which explains the relatively divergent failure patterns between 
the different layup settings. In 900 patterns, we note that the baseline was edge 
delamination and mostly in the middle of the gauge length within the dominant 
category of (DGM), as shown in Figure 5. 11.  While the baseline pattern in the case 
of 450 shows more angled fracture mode and various location in the gauge length 
(AGM) fracture, as shown in Figure 5. 12. From other side, the pattern of fracture in 
the case of 00 is prevailing mode of in the grip split and usually at the top (GAB) as 
shown in Figure 5. 13. 
 




Table 5. 3. The classification criteria of different types of fracture modes [133]. 
  
 
Figure 5. 10. Failure modes Codes / Typical Modes for tensile test [133]. 
 
Table 5. 4. Fracture modes (type, area and location) variation as a function of the 
layup setting and UV exposure time.
 
 
LAYUP SETTING 0 HR UV 
(BASELINE) 
40 HR UV 
EXPOSURE 
80 HR UV 
EXPOSURE 
160 HR UV 
EXPOSURE 


























































































First character Second character Third character 
Failure type Code Failure area Code Failure location Code 
Angled  A Inside grip/tab I Bottom  B 
Edge delamination  D At grip/tab A Top  T 
Grip /Tab  G <1W from grip/tab W Left  L 
Lateral  L Gauge  G Right  R 
Multi-mode  M(xyz) Multi areas  M Middle  M 
Long. Splitting  S Various  V Various  V 
explosive  X Unknown  U Unknown  U  
Other  O     




After UV exposure, there is a noticeable influence on the failure modes for the different 
layups. The baseline of 450 -layup setting starts with (AGM) failure mode, and after 
exposure to 160 hrs of UV shifts to (XMV) as in Figure 5. 11. The 900 -layup setting 
starts at (DGM), as shown in Figure 5. 12, and after exposure also shifts to the (XMV) 
failure mode after 160 hrs.  The sample was more damaged, and failure occurred in 
multiple locations rather than being angled or edge middle gauge length failure modes. 
Also, for the unidirectional layup the fracture mode was not shifted significantly, 
rather the maximum strain values decreased. For the unidirectional layup we cannot 
see a significant transformation in the fracture modes due to the UV exposure. 
However, there does seem to be a change in the fracture from (GAB) to splitting at the 
various locations along the sample (SGV), as shown in Figure 5. 13. It is known that 
the fracture modes are related to factors such as exposure to sunlight. The fracture 
modes are not supposed to be similar and at the same place for longer exposure 
durations. The main reason is due to the combination of factors affecting the fracture 
mechanics that can change over time. In other words, the extrapolation of the fracture 
modes based on short term preliminary information can be different when extending 
the exposure time to a longer duration up to two years or when there is a change in the 
source of exposure from an artificial source to a natural source[148].  






Figure 5. 11. Fracture modes for 450 layups setting for different UV exposure.  
 

















Figure 5. 13. Fracture modes for 00 layups setting for different UV exposure. 
 
Thus, this section has observed the fracture modes based on: UV exposure, the 
exposure time, the CFRP composition, layup orientation, and the loading regime. 
These results can be used to explain moderate sunlight exposure duration influence 









5.3.3. Surface profile influence by UV exposure  
CFRP may contain different types of defects. These defects can be divided into two 
types. Firstly, a CFRP may have surface defects, including: voids, holes and cavities. 
These defects can be changed due to vaporization or displacement of the epoxy resin 
dominated surface layer when exposed to the UV light. Secondly, the CFRP may have 
internal defects due to uneven distribution of the epoxy-based matrix between the CF 
layers. Figure 5. 14 shows different types of surface defects on different type of CFRP 
layup setting. The surface defects are defining the strength and fracture modes. 
Furthermore, these defects come mainly from the miss-alignments of the fibre inside 
the matrix and due to non-homogenous distribution of the epoxy over the CF fabric. 
The changes in the size and number of these defects on the surface can change the 
strength and fracture modes. Figure 5. 15 and Figure 5. 16 shows the surface roughness 
changes with exposure time increasing. The increase in surface roughness can be 
attributed to changes in the epoxy-based dominated matrix due to exposure to sunlight. 
This will cause formation of new cracks or expansion of initial surface defects [166]. 
It is believed also that the deterioration may extend to the interface between the epoxy 
and the carbon fibre interface region and could lead to more dislocation and 
interlamination crack initiation in the matrix  as explained by S. Fawzia [163]. This 
type of failure starts usually from the surface and could extend to the inner layers, and 
it cannot easily be traced or determined.  
 
Figure 5. 14. The different types of defect on the surface, (a) for 900- layup setting, 
(b) 450 -layup setting, (c) 00 -layup setting. 





Figure 5. 15. surface roughness values as function of the UV exposure time for two 
layups setting. 
 
Figure 5. 16. Transformation of the surface topology by increasing UV exposure 
time. 
 




5.4. Three points bending test 
The study of the ultraviolet radiation influence on the adhesive was done by the 
bending test as shown in Figure 5. 17. The bonded samples are manufactured from 
adhesive materials according to ASTM D790 − 15 [138] specifications. The selection 
of bending samples to carry out mechanical tests was taken after two important 
considerations. In the first consideration, the samples at the ends of the adhesive 
material are subjected to two types of stresses: tensile and compression, which 
simulates the actual reality in some stress situations, such as in dynamic loads or 
samples that are subjected to non-axial stresses. The second point is that the bending 
test provides an appropriate opportunity to study the fracture pattern on both ends of 
the sample (the tensile side and the compression side), which provides suitable 
visualization for studying fracture differences on both ends.  
5.4.1. Bending test setup. 
The adhesive materials come in two parts (epoxy and hardener), the mix- ratio is 2:1 
by weight or volume with 5 % allowed variation. Plastic moulds used to prepare the 
samples were then cured in an electrical furnace as in Figure 3. 10 between 650 to 750 
C for 8 hr based on the manufacturer recommendations. Later, the samples were 
shaped back and polished to the desired dimensions as in Figure 3. 5.  Then the samples 
were placed on the Instron 10 kN platform to conduct the flexural test at two constant 
test rates of 0.1 and 0.5 mm/ min as shown in Figure 3. 15 where the span length is 30 
mm.  
 
Figure 5. 17. Three points bending test configuration as stress distribution.  
 
 




5.4.2. Strain rate and curing time.  
The strain rate and curing time were found to have noticeable influence on the adhesive 
material ability to hold the load as shown in Figure 5. 18. When the curing time was 
24 hr only, there is 34% load increase recorded by changing the strain rate from 0.5 
mm/min to 0.1 mm/min while the deflection is reduced. However, the load increase is 
only 7.6 % when the curing time is one week, while a slight decrease in the deflection 
is observed. Meanwhile, curing condition produce a significant increase on the 
adhesive material loading ability as shown in Figure 5. 18, as there is about 35% load 
capacity increase from 1 day to 7 days curing time for the same strain rate of 0.5 
mm/min and about 16% load increasing only for 0.1 mm/min strain rate. This shows 
that extending the curing condition for more than one week can enhance the load 
carrying capacity and bring more stability to the deflection response and eventually on 
the fracture mode.  
 
 
Figure 5. 18. The strain rate and curing time influence on the flexural load capacity 
 
5.4.3. UV influence on the load-deflection relationship. 
The three-point bending test (3PBT) results in a load – deflection relationships are 
plotted as functions of different UV exposure duration in Figure 5. 19. The results 
show that there is high tendency to show a lower load carrying capacity by increasing 
the UV exposure time. For example, there are approximately -13%, -12% and -18% 
drop in the load capacity after 40 hr, 80 hr and 160 hr respectively of exposure time. 
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Also, 7%, 3% and 62% increases recorded after 40, 80 and 160 hr of UV exposure 
respectively. From the previous results, by increasing the exposure time of UV 
radiation there is an increase in ductility of the bulk of the adhesive materials, while 
the surface of the adhesive material appears more hardened. 
This behaviour as a reaction to the UV exposure can explain the importance of 
providing suitable protection design for the adhesively bonded joint specially when 
made of epoxy based adhesive materials [167].  
 
Figure 5. 19. The UV duration influence on the load and deflection.  
 
Figure 5. 20. Load -Deflection as a function of different UV exposure durations. 
 
Again, it is necessary to look at the behaviour of the adhesive under the influence of 
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load - deflection. Figure 5. 20 shows that failure is not instantaneous but there is a 
relatively large elongation prior to failure. This impression generally comes from the 
bulk thickness of the adhesive and not from the effect of ultraviolet radiation. Where 
the thickness of the layers is less than 0.3 mm, then the layers behave differently than 
what happens for the case of a 2 mm layer. Although the comparison is not identical, 
it must be borne in mind that the thickness of the adhesive can be effective by 
determining the nature of the failure and the pattern of elongation obtained. 
5.4.4. Surface inspection and fracture modes.  
In any case, air gaps and surface defects cannot be avoided during sample 
manufacturing. The presence of air gaps can be considered as a characteristic of 
adhesives, especially with high viscosity epoxy resin or adhesives with fast hardening 
coefficient. The presence of these air gaps in their different sizes and numbers greatly 
limits the material's ability to withstand different loads [167]. Here, we must show that 
the size of these gaps can be changed by environmental factors such as ultraviolet 
radiation [69]. Figure 5. 21 shows different types of airgaps taken from the fracture 
edge of a sample after 80 hr of UV exposure. 
 
Figure 5. 21. Air gaps inside and on the surface of the adhesive material. 
In the subsequent sections, the direct effects of ultraviolet rays will be reviewed, where 
changes in surface roughness, weight loss and discoloration are observed. It is logical 
to link the change in physiochemical properties with mechanical properties, although 
the construction of a mathematical model is difficult because there are no direct 
relationships between these physical factors and mechanical properties. 
The surface roughness variation due to UV exposure as shown in Figure 5. 22 indicates 
that the adhesive material has increasing surface roughness even with low radiation 




level. This could be because of chemical reaction at the surface due to the UV radiation 
such as was concluded by Wypych [167].  
Away from the surface roughness, discoloration is observed and the yellowing index 
based on ASTM D1923 and ASTM E313 [168] occurred as in Figure 5. 23. In many 
cases, colour stability and clarity are very critical to deciding what type of adhesive 
material to be used in certain applications. Therefore, it is very important to understand 





Figure 5. 22. (a) Surface roughness as function of UV exposure durations; (b) 
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Figure 5. 23.Yellowing index based on ASTM D1923 
Fracture modes analysis is a key step to complete the full understanding of the effect 
of ultraviolet radiation on adhesives. Although the value of radiation used is relatively 
small and represents a fraction of the total energy of the radiation as explained in 
equations 5.2 to 5.4, there are minor effects that can be illustrated in the Figure 5. 24 
below and can be summarised by Table 5. 5 based on Likert Scales.  
 
Figure 5. 24. Fracture mode transformation for different UV exposure durations for 
the irradiation of (0.5 w/m2/nm @ 340 nm and 400C)  
Table 5. 5. Fracture modes criteria and strength according to 1 to 5 Likert Scales 
Criteria defecation  Rate (1 less, 5 high)  Exposure duration 
 1 2 3 4 5 0   hr 40 hr 80 hr 160 hr 
Ductile  X     1 1 2 3 
Brittle      X 5 5 4 3 
Straight crack       X 5 4 5 3 
Strain area size     X  4 4 3 5 
Primary crack      X 5 5 5 5 
Secondary cracks  X     1 1 1 4 
 
Baseline  40 hr  160 hr  80 hr  
160 hr  
Baseline  40 hr  
80 hr  
Brittle 
Straight line 
Wide strain flow area  
One dominated crack  
Less ductile  
Straight line  
Local strain flow area 
Dominated crack    
brittle  
Slightly straight  
Local strain flow area 
One crack, small 
microcracks   
Slightly ductile  
Not straight line 
Large strain areas  
Presence of secondary 
crakes to form the fracture  




There is a limited effect as mentioned above, as the failure of a linear pattern with a 
wide-acting front in baseline has been transformed due to surface hardening and bulk 
material yielding into a relatively more ductile one with a more focused frontier 
centred around areas of failure that have become more winding than before after 160 
hr of exposure. 
5.5. Summary 
In conclusion, this chapter investigated the effects of ultra violet (UV) radiation on 
CFRP / aluminium joints.  It is the author’s belief that this is the first comprehensive 
investigation of this CFRP/aluminium system under the effects of UV radiation. We 
observed that many of the material properties, such as fibre orientation, had more of a 
pronounced effect on the results than the UV radiation.  However, extended UV 
exposure did decrease the strength properties of the joints, as expected. 
The reason for the decrease in the strength of bonding between the adhesives and 
adherents is mainly dependent on a very sensitive layer at a limit that does not exceed 
handful molecules in thickness [146]. This ultra-thin layer is strongly influenced by 
any external variables such as UV radiation. The results also showed that the effect of 
UV radiation has a cumulative effect on the mechanical properties of the tested 
materials. There is a change in bonding strength, tensile strength and load carrying 
capacity of the tested samples. The decrease in shear stress resistance after 160 hr of 
exposure was up to 6%, 7% and 10% for each of the 900, 450 and unidirectional 
samples of SLJ respectively. For the same exposure duration, the decrease in tensile 
strength was 5%, 37% and 13% for each of the 900, 450 and unidirectional samples of 
CFRP respectively. The load carrying capacity of 3PB samples was reduced to 18% 
after 160 hours. In contrast the change is more clearly seen on the fracture patterns of 
the various orientation test samples. 
This chapter provides important information on the importance of looking at the nature 
of the fracture in determining the effect of UV radiation. In all of the previous research 
the fracture modes have not been defined, as the criterion of differentiation was the 
stresses values or strength that samples could hold. In other cases, the amount of 
elongation or strain was considered as an extra analysis without looking inwardly at 
the shift in fracture from the basic case to the other cases. One of novelties of this 
chapter is the in-depth analysis of the fracture type, and the observation of the fracture 
type evolution due to UV exposure. The shift in fracture type is a critical and 




fundamental factor from an industrial and practical perspective. The reason is that 
fracture analysis gives designers a better understanding of what will happen to these 
parts in case of failure of the joint in different applications. 
This chapter has investigated the effect of constant and consistent UV radiation at a 
given intensity. In the next chapter we shall investigate the effects of UV radiation 
intensity levels on the properties of the CFRP / aluminium joints. 
 






Chapter Six   
 
6. Influence of  Ultra- Violet intensity variation.   
 
or the purpose of expanding the understanding of the effect of ultraviolet 
radiation on the materials in the CFRP and aluminium adhesive joint, it was 
necessary to understand the effect of changing the intensity of radiation, taking 
into account the comparison with the results obtained from the previous chapter. As a 
result, three different types of samples were subjected to mechanical tests after passing 
through UV exposure cycle based on ASTM standards. The ultraviolet radiation 
represents a similar radiation energy recorded in the city of Melbourne - Australia 
based on data from the Australian Bureau of Meteorology (BOM). 
6.1. Changing the UV intensity, what does it is mean?   
In the previous chapter, the effect of changing UV exposure time on the mechanical 
properties of three types of samples was reviewed. The effect of exposure time can be 
easily understood, while the effect of changing exposure intensity needs to be 
explained in detail. 
Imagine for example that some type of foods can only be well cooked after certain 
periods in the microwave. On the other hand, regardless of the amount of time spent 
in the microwave, without proper intensity/energy (temperature) we cannot have well 
cooked food in an acceptable timeframe. The former example explains the importance 
of radiation intensity. The higher the radiation intensity, the more energy it carries. As 
the wavelength is constant, it means that there is higher radiation density and 
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6.2. Influence of changing the UV intensity.  
Changing the intensity of ultraviolet radiation means a change in the energy carried by 
this radiation. According to the Equation in (5.1) we can see that increasing the 
intensity of the radiation leads to an increase in the energy carried for the same 
wavelength. Increase in exposure time has similar characteristics, but for the same 
time, increasing the level of radiation may have a greater effect and much greater than 
the effect of changing time only. 
Wypych [169] explained that the rate of increase in radiation intensity does not 
necessarily have different effect characteristics, rather than it is an accelerator factor 
for the general effects. On the other hand, changing the level of radiation (radiation 
intensity) can be a catalyst to trigger another level of chemical reaction, which may 
differ in effect from a lower level [66]. The level of the material interaction with 
radiation is not constant and this adds additional complications that cannot be predicted 
at the molecular level of the material. 
The most important thing to mention here, in the case of increasing the UV radiation 
intensity, is that the extent of its effect on the epoxy transition temperature (Tg) 
becomes a critical issue. Perhaps it is the most important effect that can represent the 
difference between the effect of changing the intensity of radiation from changing the 
time of radiation exposure. As the change in the intensity of the radiation rapidly 
increases the surface temperature and so the transition temperature could be increasing 
too. Therefore, the adhesive (epoxy) shows more ductile behavior and therefore a 
higher strain behaviour can occur, especially with increasing thickness of adhesive 
[170]. 
This mainly explains the results obtained from the laboratory experiments that will be 
reviewed in this chapter. The values of stress and stain are linked to their causes, and 
a detailed review of the type of fracture that occurred in the different samples tested 
will be presented. 
One of the current research hypotheses is that we will see a change in the weight of 
the samples exposed to UV radiation. This hypothesis is supported by previous 
research, which indicated that there was a decrease in weight in a proportion that could 
not be linear. In the current research, the experiments and measurements indicated a 
relatively low weight loss compared to the size of the samples and the surface area 
exposed to ultraviolet radiation. Another point in the current research is that only one 
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side of the samples was subjected to UV radiation to simulate the reality of 
applications, where in many real-life applications usually only one side is exposed to 
UV light throughout its lifetime. This gives an opportunity to observe the extent to 
which UV rays can penetrate different materials, and whether they affect the surface 
expansion factor of the material. This may generate a state of surface stresses and 
internal pressure due to the contraction or expansion of one surface. 
6.3. UV dosage calculations.  
Based on what is stated in Equations 5.2, 5.3 and 5.4 with consider Nguyen et al  [69] 
work consideration of a radiation intensity of 1 W/m2/nm ( summer spectrum of 
radiation in Melbourne – Australia as in Figure 5. 1), the amount of 40, 80 and 160 
hours of exposure to radiation can actually be calculated based on the actual amount 
of energy delivered to the samples through the weatherometer chamber. At high level 
of UV radiation of 1 W/m2/nm @ 340 nm (summer range spectrum), the amount of 
energy emitted can be calculated based on calculating the acceleration factor then time 
is calculated by yearly energy rate, giving the results shown in Table 6. 1.  
Table 6. 1. The UV dosage calculation based on the irradiation level and yearly UV 
energy in Melbourne- Australia.  
The equations Calculations  Results  
Acceleration ageing factor = proposed irradiation 
level / average irradiation level of specific 
location (Melbourne in this case) 
Acceleration factor = (1 
W/m2/nm) / (0.55w/m2/nm) 
1.818181812 
≈ 1.8 
The energy emitted in ageing chamber = 
acceleration factor * energy emitted for a year of 
specific location 
= 1.8* 222 kJ/m2/h 403.636364 
≈ 404 
kJ/m2/h 
The time needed to deliver one-year energy = 
(natural energy * 103) / accelerated energy 
=(222kJ/m2/h*1000) / 404 
kJ/m2/h 
550 hr (for 
12 months) 
 
This mean approximately 46 hr per month. Then for given times of 40 hr, 80 hr and 
160 hr this equals approximately one month, two months and four months of exposure 
respectively.  
Note that the difference between the first dose of UV (Chapter 5) and the current in 
this chapter is considered relatively large once the level of intensity of radiation is 
changed. This shows that for the same (in chamber) exposure time, the actual 
equivalent of the radiation energy varies greatly. For this particular reason, the focus 
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in the present chapter is on the effect of changing the amount of irradiated radiation 
energy. It is expected that there will be an effect of the intensity of radiation on 
chemical properties, physical and thus mechanical properties in the final state. 
6.4. The influence of radiation intensity.  
The chapter is focused on two main factors: strength values of the different samples 
and the change in the pattern of fracture. Hence, the results of the current chapter are 
compared with the results of the previous chapter. 
6.4.1. Influence of radiation intensity on Single lap joint.  
In the present set of experiments, three types of samples were subjected to a radiation 
level of (1 W/m2/nm) for three different exposure durations of 40, 80 and 160 hours. 
As previously calculated, they were equivalent to 1, 2 and 4 months respectively of 
radiation at a similar level to the summer of the city of Melbourne, Australia. 
The effect of changing the level of radiation can be divided into three categories: First, 
the amount of feddan by weight, second on the stress conditions and finally on the 
strain values. The effect of changing radiation level on the fracture pattern is 
considered a basic and complementary part of the previous categories. 
6.4.1.1. Weight reduction.  
From Figure 6. 1, we can see that there is a decrease in weight by increasing UV 
exposure generally for the three types of carbon fibre arrangements (00, 450 and 900 
degrees). The weight loss was relatively proportional to the area exposed to the 
radiation and to the duration of exposure, such as in Equation 6.1 [67]. 
Weight loss =  
(weight before irradiated − weight after irradiated)
area of irradiated surface 
∗ 100%  ……… (6.1)  
 




Figure 6. 1. Weight reduction as function of UV exposure duration for three layup 
settings with consideration of two irradiation levels. 
By observing the amount of increase in the weight loss ratio, we can see that the 
increase is high at the onset of UV exposure. The reason may be due to evaporation of 
accumulated moisture during and after the bonding process. The loss values then start 
to decrease proportionally with increased exposure time. 
While comparing the results between the exposure intensity of (D1-0.5 W/m2/nm) and 
(D2-1 W/m2/nm), we note that the weight loss increases with the severity of exposure. 
We note that the rate is rising as exposure time increases. In other words, the difference 
between the UV doses does not show a significant difference in the first 40 hours, and 
the difference is relatively higher at 80 hours until the difference between the two doses 
becomes significantly more pronounced at 160 hours of exposure. 
6.4.1.2. Strength reduction.  
In a more pronounced pattern, we can see there is a decline in the value of strength 
with increased exposure to UV radiation, as shown in  Figure 6. 2. This is evident in 
the case of 0 degrees of carbon fibre layup more than the other orientations (450 and 
900 degrees). In general, the decrease in the stress value does not behave linearly as 
expected. We note that there is a 20% reduction in the case of 40 hours and 23% in the 
case of 80 and approximately 28% at the time of exposure of 160 hours. On the other 
hand, the rate of decrease in stress of (D2-1 W/m2/nm) is higher than the results 
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the value of the stress by increasing the intensity of the radiation as shown in           
Figure 6. 2. The difference in stress values when increasing the intensity level of 
radiation has not been as high as the severity that can make a significant difference in 
stress values and the reason is relatively due to the fact that different substances may 
reach the stage of radiation saturation at a particular thickness of the surface and the 
radiation needs more time to penetrate to a thickness beyond the surface only to make 
a significant reduction in the stress values[171].  
 
Figure 6. 2. Strength reduction as function to exposure duration for different layup 
settings of CFRP/ aluminium SLJ.  
The reduction in the stress refers mainly to the saturation condition [162], which means 
the materials can absorb a certain amount of the radiation to unleash chemical surficial 
reactions that can change the bonding forces between the CF and the adhesive 
materials. Because it is believed the photooxidation is not happening only at the 
surface layer but also can affect the interfacial chemical tie and may lead to reducing 
the joint ability to transfer the load [163].  
6.4.1.3. Strain condition.  
After it has been shown that there is a decrease in weight and strength stress values, it 
is important to see the effect of the intensity variation on the strain condition. In the 
previous chapter it was proven that by increasing UV exposure time there was a 
decrease in the overall value of the strain and this decrease was not linear as in        
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behavior but at a higher rate due to the amount of energy received by the ultraviolet 
radiation on the surfaces. It is clear that the increase in the level of radiation intensity 
is accompanied by an increase in the value of stain, especially in the case of 0 degrees 
of layup setting of the CFRP (CFRP facing the light source). This might be a bit of a 
surprise compared to the 0.3 mm thick of the adhesive material used in the current 
experiments 
 
Figure 6. 3. Strain values as function of different UV exposure levels for different 
layup settings 
  
6.4.1.4. Stress – Strain relationship of SLJ samples.  
To fully understand the nature of fracture formation in the Single Lap Joint (SLJ), it is 
important to see how the stress progresses through plotting the Stress-Strain 
relationship. Therefore, three samples were selected for each layup setup to make a 
direct comparison.  
Referring to Figure 6. 4, in the case of 45 degrees layup setting, we first note, with 
the increase in UV exposure, a relative decrease in the stress value is recorded. In spite 
that there was no big difference at 0 hours and 40 hours but as time increased, we note 
a clear and definite decrease in the value of stress, coupled with a decrease in the 
relative value of the strain. Compared to the results from the previous chapter (on the 
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sharp decrease in strain values, and then the slope tends to be more inclined to the x-
axis which means that there is more brittle behaviour in the fracture modes.   
 
Figure 6. 4. Stress-strain relationship for three different layups setting as function of 
different UV exposure intervals.  
In the case of 900 degrees layup setting shown in Figure 6. 4, we note a pattern similar 
to the one mentioned in the previous paragraph (450 layup setting), where increased 
exposure time decreases the amount of stress, with a significant decrease in the overall 
value of the strain. Compared to the results of the previous chapter (on the right), we 
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exposure. This explains the sudden fracture pattern when shear experiments are 
conducted. 
It appears that in the case of 00 layup setting (unidirectional), as seen in Figure 6. 4, 
it does not differ from its predecessors. However, there is a more pronounced pattern 
of decreasing stress values as the exposure time of UV radiation increases, whereas 
compared to the previous dose (on the right), there is a different pattern with strain 
reductions. 
Again, the layup setting has a visible effect on the pattern of the stress-strain curve and 
hence on the ultimate stress values and strain values at the fracture point. It is very 
clear from this that designers must take this into account with regard to their designs 
in terms of wanting to control the values of the stress that the joint can bear, or in terms 
of controlling the fracture modes. 
 
6.4.1.5. Fracture modes analysis.  
ASTM D5573-99 [165] were used to analyse the fracture modes  Table 5. 1 shows 
these parameters. In addition (ImageJ – software) is used instead of the traditional 
method to perform the statistical calculations.  
In the previous chapter, the transformation of the fracture pattern was discussed as a 
result of exposure to a range of times of UV radiation. Through that discussion, it was 
demonstrated that there had been a change in the fracture pattern by examining the 
conversion ratios from one category to another according to the ASTM D5573-99 
[165] standard. For comparison, we see here that using higher UV intensity, the 
transformation is more pronounced in all types of samples (0, 45 and 90 degrees), as 
shown in Figure 6. 5 and Table 6. 2.  
In case of 00 -layup setting, considering the 0 hr of exposure, we note that the fracture 
is mainly about the mix mode M (D +A) in the range of 80 - 100% delamination 
fracture in the carbon fibre layers and 20% interfacial failure mode at the aluminium 
surface. Then switched to the mix-mode at 40 hours, but there was less amount of 
delamination in the carbon fibre layers ranging from 60 to 80%, and higher for the 
aluminium surface at 20-40%. At a higher level of exposure time, the fracture modes 
continue to shift in percentage, while maintaining the same general pattern M (D+A) 
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fracture modes. Thus, at 160 exposure hours to the 90-100% carbon fibre layers 
delamination and around 10% interfacial at the aluminium side of the joint. 
For case of 450 -layup setting - baseline condition (i.e., 0 hrs of exposure), the 
observed fracture pattern is concentrated mainly around a mix mode of D 
(delamination of carbon fibre layers) in proportions ranging from 90-98% in general 
and C pattern (cohesion inside adhesive) in proportions ranging from 2-10% with a 
little interfacial mode (on the aluminium surface). Later it is changing gradually to 
reduce the delamination of the carbon fibre to increase the percentage of the surface 
fracture (interfacial) at the aluminium side to reach between 60% at 40 hours and 70% 
at 80 hours of exposure. While increasing the exposure time to 160 hours, we are 
witnessing that the disappearance of the C fracture pattern (inside the adhesive) instead 
increases the percentage of the interfacial modes between the aluminium and the 
adhesive material to 30%. Then the delamination of the carbon fibre layers ends at 
85%. 
Given the pattern of the fracture for the 900 layup-setting, basically at the baseline, 
the fracture pattern is mostly the delamination in the carbon fibre. The pattern was then 
changed by increasing the exposure time to 40 hours to be a mix-mode of D 
(delamination of carbon fibre) at 55% and AL (interfacial mode at aluminium surface) 
with 35-55% with a small percentage of C type (adhesion of the adhesive material). 
An increase in exposure time to 80 hours results in a decrease in the dealumination of 
the carbon fibre, with an increase in the interfacial fracture mode at the aluminium 
surface of 40-60% and continuing to increase the time to 160 hours, we first observe 
an increase in the interfacial at aluminium side to 85%, with a delamination of carbon 
fibre decreasing to 15%.















Figure 6. 5. Fracture modes transformation as function of UV exposure duration  
Baseline:  00 layups 
M(D+A): CFL 
80%, AL 20% 
 
Baseline:  450 
layups 
M(D+C): CFL 
98%, AD 2% 
 
Baseline:  900 
layups 
D: CFL 100% 
Fracture initiation in the 
CFRP side of the joint  
 
40 hr:  00 layups 
M(D+C): CFL 60%, AD 40% 
80 hr:  00 layups 
M(D+C): CFL 80%, AD 20% 
160:  00 layups 
M(D+C): CFL 90%, AD 10% 
40 hr:  450 layups 
M(D+A): CFL 51%, AL 49% 
80 hr:  450 layups 
M(D+A): CFL 35%, AL 65% 
160 hr:  450 layups 
M(D+A): CFL 30%, AL 70% 
40 hr:  900 layups 
M(D+A): CFL 48%, AL 52% 
80 hr:  900 layups 
M(D+A): CFL 51%, AL 49% 
160 hr:  900 layups 
M(D+A): CFL 8%, AL 92% 
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Table legend: Blue is chosen to be presented in Figure 6. 5 above 
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6.4.1.6. SEM-fracture analysis.  
The change in the stress values was relatively small but the change in the fracture 
patterns was more indicative of a change in the micro level that led to this shift. 
Therefore, imagery of surface and fracture edges analyses were carried out by SEM to 
follow up on the most important elements and the proportions of the change.  
 
Figure 6. 6. Brittle fracture of the adhesive material and dislocation of the CF 
filaments of the matrix after 160 hrs of exposure.  
From Figure 6. 6, we can easily notice the brittle fracture of the adhesive material as 
well as the dislocation of the CF of the epoxy-based dominated matrix. This is 
typical behaviour in most of the samples that were exposed to 160 hr of UV 
radiation.  
 
Figure 6. 7. CFRP rupture at the edge of the joint after 160 hrs of exposure. 
In Figure 6. 7 we can see the sharp edge fracture of the CFRP near the joint edge. This 




feature at the 
adhesive 







fragments   
   Chapter six 
151 
 
can hold. Once the epoxy loses its binding power, then the carbon fibre will be on its 
own and will fracture immediately. 
6.5. Influence of radiation intensity on CFRP tensile samples.  
Because one side of the joint is made of carbon fibre, this in itself needs to be carefully 
studied for the potential effects of UV radiation. In this context, carbon fibre tensile 
samples have been prepared by following ASTM D3038 [133] and [134] specification 
(described in Chapter 3).  
6.5.1. Stress-strain relationship.  
In the previous chapter, these samples were exposed to a radiation level of (D1-0.5 
W/m2/nm) for three periods of 40, 80 and 160 hours in addition to the underlying 
condition. The effect of changing the exposure time of the UV was explained in 
Chapter 5. In this chapter the radiation level was increased to (D2-1 W/m2/nm) for the 
same previous exposure times to examine the effect of changing the radiation intensity 
level on stress, strain and fracture modes also to compare with the previous chapter.  
Referring to Figure 6. 8, for 900 layups setting, we note that there is no significant 
reduction in the stress values when the exposure time is increased as expected. 
However, there is a decrease in strain for the same given times. Compared to the 
intensity of exposure (D1-0.5 W/m2/nm) (shown to the right) we can also see that 
increasing the radiation intensity does not affect the stress values, but again it leads to 
a noticeable decrease in the strain values. The reason for not changing stress can be 
attributed to an early failure of the carbon fibre layers, which does not give a significant 
opportunity to make a difference in the stress values. 
For the layup-setting of 450 (Figure 6. 8), again it can be said that it is difficult to 
discern a perceptible decrease in the stress value as a function of the UV exposure 
time, but we can see a difference between the baseline condition and after exposure of 
160 hours. While looking at the values of strain we see that it is centred in a very 
narrow range with a limit of barely 0.1 mm\mm with an error ratio not exceeding 0.2%. 
When comparing the results to the previous chapter (on the right of the figure) that 
represent a lower level of radiation, we note that increased radiation intensity does not 
significantly affect the stress values where the results are convergent, and it cannot be 
said that there is a statistically significant difference. However, in view of the strain 
condition then we see that there is a relatively large decrease in the strain values as the 
radiation level increases from (D1-0.5 W/m2/nm) to (D2-1 W/m2/nm). This point may 
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Figure 6. 8. Stress – strain relationship for different layup setting and different UV 
exposure durations 
For 00 layup-setting (Unidirectional) as in Figure 6. 8, once again we note that the 
difference in stress values is more pronounced than in the other types of carbon fibre 
orientations (45and 90 degrees). We observe, in the case of increasing the exposure 
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160 hours of UV exposure. When comparing the results in the previous chapter of a 
lower level of radiation density (the right side of the shape), we note significantly that 
there is a clear decrease in stress values and is also significantly accompanied by a 
decrease in strain values. The reason why the 00 layup-setting is clearer and more 
coordinated in the results is that the directional properties of the carbon fibre give a 
better scope for the study of the impact of ultraviolet radiation on the carbon fibre. 
Fragmentation does not occur due to the layup sequence of fibre filaments. Therefore, 
when studying environmental impacts, it is advisable to use one-way carbon fibre to 
avoid dispersion of results. 
6.5.2. The layup- setting effect.  
It is clear that changing the direction of carbon fibre filaments has a direct impact on 
the value of maximum tensile stress. When the carbon fibre filaments were parallel to 
the loading direction the strength stress value increased, and hence generated a lower 
value for strain. We note from the Figure 6. 8 that the stress values for the 900 
orientation is the last to reach the maximum of 400 MPa with a strain exceeding 0.2 
mm/mm in general. The stress values have risen to 700 MPa when the carbon fibre 
orientation is at a 450 with a strain value not more than a maximum of 0.18 mm/mm. 
When the fibre direction is completely parallel to the loading direction, we can see that 
the stress reaches 900 Mpa, with a very small amount in strain with no complete 
fracture for the CFRP. From here it can be inferred that the effect of the direction of 
carbon fibre filaments is more dominant than the effect of UV exposure. 
6.5.3. Fracture modes analysis of CFRP samples.  
Tracking the fracture modes in carbon fibre samples is a difficult task and there is a 
need to observe even the minor changes with scrutiny. Based on the ASTM D3039-08 
[133] specification with Table 5. 3 (previous chapter), the fracture map shown in the 
Table 6. 3 has been produced. This map represents the change in fracture modes due 
to the change in the time of exposure to the solar radiation of intensity level of (D2-1 
W/m2/nm).  
From the Table 6. 3, it can be said that there is a change in the fracture pattern of all 
types of samples. This applies to the state of strain recorded in Figure 6. 8. For the 900-
layup setting there is a change from the dominant baseline status of (DGM) of 66% to 
become a mix of 60%XMV, 20%MMV, 20%XVV and 20%XVV after 160 hours of 
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UV exposure. The 450 orientations, it was changed to a mix of 40%XVM, 20%MVV, 
20%AGM and 20%XVM after 160 hours before it was more dominated by 66 %AMG.  
In addition, for 0 degrees layup, the fracture mode of 66%GAB of the baseline is 
deviated to 60%SGV, 20%SAM and 20%SAT after exposure to 160 hours of UV 
radiation.   
Table 6. 3. Fracture modes (type, area and location) variation as a function of the 
layup setting and UV exposure time. 
 
This transformation in fracture modes complies with the change in the surface 
roughness (Figure 5. 15– Chapter five). As UV rays can increase the CFRP surface 
roughness, this means an increase in the number and size of defects, voids and gaps in 
the carbon fibre surface, resulting in a change in the form and type of the fracture and 
the amount of strain, while not necessarily having a significant impact on the amount 
of stress the samples can hold. 
6.5.4. SEM fracture analysis.  
Carbon fibre fracture is one of the most important impediments to the use of carbon 
fibre in many applications. The fear of sudden and unpredictable fracture is an ongoing 
problem and requires a continuous work to come up with observations of the type of 
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fracture under various operational conditions. Hence the form of fracture due to UV 
exposure had to be addressed to contribute to the expansion of experimental 
information in this area. The best way to analyse the fracture areas is to look into the 
small details that control the fracture initiation points and stretch paths within the 
carbon fibre layers. 
 
Figure 6. 9. Peeling of some spots on the CFRP Surface due to UV radiation.  
 
Figure 6. 10. Removal of the thin epoxy-based matrix left the CF filaments exposed.  




Figure 6. 11. A crack propagating from the surface of the CFRP in to inner layers 
after 40 hr of UV exposure  
 
Figure 6. 12. A crack propagating from eroded surface of unidirectional CFRP 
exposed to 160 hr of UV radiation.  
 
Figure 6. 13. Fracture extending inside the CFRP layers and producing fibre 
dislocation from the matrix of 450 layup setting after 160 hr or UV exposure.   
By viewing the Figure 6. 9 to Figure 6. 13 which are SEM images, we can see the peel 
on the surface of the carbon due to UV radiation. This peel on the surface of CFRP 
may cause in some cases total removal of the epoxy layer that covers the carbon fibre 
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filaments, which exposes the area that connects the carbon fibre filaments with the 
epoxy-based matrix. It makes this area very weak as a result of photooxidation. So, an 
irregular rupture inside the carbon fibre layers can occur. 
Side images of some samples shows that the cracks are not only propagating in two 
dimensions, but in three dimensions inside the carbon fibre structure, as shown in 
Figure 6. 14.  
 
Figure 6. 14. Fracture propagation between the layers and shift in the path depends 
on other layers.  
6.6. Influence of radiation intensity on 3PB adhesive samples.  
In the following sections, the influence of the UV intensity level on the CFRP will be 
discussed in terms of load and fracture modes.  
6.6.1. Load -Deflection relationship.  
In the previous chapter it has been demonstrated that increasing the exposure time of 
UV radiation would cause a decrease in the load carrying capacity by the 3PB samples 
of adhesive material, as well as an increase in the average of elongation. This pattern 
of mechanical disposition of the samples did not differ in principle from what was 
demonstrated in the previous chapter. Basically, we see in Figure 6. 15 below that 
increasing the UV exposure time actually reduces the load carrying capacity of the 
samples for up to 61% after 160 hours. There is an increase in deflection values to 
172% of the baseline state after 160 hr of exposure, this is shown in Figure 6. 16. This 
complies with Budhe et al. latest conclusions [172] .  
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In a previous work published by this thesis’ author (Khaleel) [170], see Figure 6. 17, 
it was shown that increasing the dosage irradiation level from (0.5 w/m2/nm) to (1 
w/m2/nm) leads to a shift in the adhesive samples to show more ductility and lower 
load carrying capacity. It is believed that increasing the irradiation level increases the 
temperature near the glass transition temperature Tg which leads to a re-distribution 
of the material thermal stress and a reduction of the fast hardening effect at the early 
stage the curing process. These results are unexpected in terms of the ductility 
behaviour. Unlike what we saw in SLJ samples, the 3PB sample showed a higher 
ductile behaviour, not the same as expected. This means that increasing the thickness 
could be an extra factor affecting the material response to UV radiation. Once again, 
the only explanation is that the adhesive material used in the single lap joint was only 
0.3 mm, while the adhesive material used in 3PB samples was 2mm. In other words, 
the bulk of material may have different behaviour when used in a different thickness.  
 
Figure 6. 15.The UV influence on the load- deflection relationship of two different 
UV levels and different UV exposure durations. 
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Figure 6. 17. The state of load- deflection of two irradiation levels and for different 
exposure duration [170]. 
6.6.2. Fracture inspection. 
The transformation in the fracture mode can indicate the influence of certain 
parameters on the material chemical and mechanical properties [173]. Here with UV 
irradiation level of (D2-1 w/m2/nm) , with UV exposure of duration increase, it shifts 
the fracture mode from the mostly brittle, one straight line and a wide range of 
deformation away from the basic fracture line at the baseline condition to more ductile, 
zig-zag multiple lines fracture and less deformation range mode after 160 hr of UV 
exposure as shown in Figure 6. 18. Between the baseline condition and 160 hr of UV 
exposure, the fracture transformation can be described as a linear trend. The same 
pattern was noticed when the irradiation level was (D1-0.5 w/m2/nm) in Chapter 5 with 
a less general trend.  
These changes on the fracture parameters such as formation, direction and patterns can 
be used to show the alteration due to many different environmental or loading 
conditions. It can be seen that the surface shows a slight change to brittle behaviour. 
However, the bulk of the adhesive material acts as more ductile due to the re-
distribution of residual stresses due to accelerated curing procedure or thermal-
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Figure 6. 18. Fracture mode transformation for different UV exposure durations for 
the second irradiation level of (1 w/m2/nm) [170]. 
 
Table 6. 4. The fracture modes table classification with corresponding exposure time 
Criteria defecation  Rate (1 less, 5 high)  Exposure duration 








Ductile  X     1 1 3 4 
Brittle      X 5 5 3 2 
Straight crack      X  4 4 3 2 
Strain area size     X  4 4 3 5 
Primary crack      X 5 5 4 5 
Secondary cracks  X     1 2 2 4 
 
Again, a statistical characterization of the fracture pattern was required to have a clear 
conception of what happened during the tests. Therefore, Table 6. 4 reflects the 
remarks to statistical figures through the Likert Scales. As we see, there is a clear change 
in the severity of the variables by increasing the exposure hours to ultraviolet radiation. 
The most important shift is by increasing the ductility behaviour and changing the 
fraction style from linear to zig-zag with multiple cracks at the fracture edges. 
 
6.7. Summary. 
The current chapter considers a unique study that reveals the influence of the 
irradiation level on three different types of samples in adhesive bonded joints.  It is an 
area was not previously considered in the literature. An experimental investigation into 
three different types of samples were presented in terms of the mechanical properties. 
Then the results were directly compared to the main findings of the previous chapter.  
160 hr  
Baseline  40 hr  
80 hr  
Brittle 
Straight line 
Wide strain flow area  
One dominated crack  
Less ductile  
Slightly Zig-Zag  
Local strain flow area 
Dominated crack and many 
other secondary cracks   
Less brittle  
Slightly straight  
Local strain flow area 
One crack, small micro-
cracks   
Ductile  
Mostly Zig-Zag  
Different strain areas  
Different crakes to form 
the fracture  
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This chapter can be used as a guideline to presents the significant differences between 
the UV exposure time and UV exposure intensity level influence on different types of 
samples. As a result of this experimental investigation significant results were 
presented and the contribution can be stated here.  
It is demonstrated that increasing the UV intensity level not only accelerates the ageing 
process, but also it works to shift the mechanical properties in most of the sample’s 
tests. As an example, for the SLJ, the increase in radiation intensity has brought 
significant weight reduction compared to the previous chapter as shown in               
Figure 6. 1. Then we saw also it changed the mechanical properties of samples (stress 
and strain) as shown in Figure 6. 2 and Figure 6. 3 as well as the slope of the stress – 
strain curve with a significant reduction in the stress value as the exposure time of 
ultraviolet radiation increases. One of the important contributions in this section is 
the feature modes analysis. This analysis shows that fracture pattern in most of the 
cases tested has shifted to show more delamination of the carbon fibre layers mode of 
fracture (Table 6. 2); or it has swerved into the same fracture modes, but in proportions 
different from the fracture in the baseline samples.  
For carbon fibre tension samples, we have not seen a very noticeable reduction in 
stress values as we saw a clear decrease in strain values. Meanwhile we saw the shape 
of the stress-strain curve pushed closer to the x-axis and thus changing the tendency to 
become straighter in most cases. By referring to Figure 6. 8, we can see that the minor 
reduction in stress values by increasing the exposure time leads to a visible reduction 
in strain values and eventually changes in fracture modes.  
The change in strain pattern has changed the fracture pattern within the limits of the 
current experimental parameters. The most important contribution in this part of 
this chapter is that it focuses on developing the argument that strain is the best 
mechanical variable to study the behaviour of carbon fibre in such operational 
conditions, see Figure 6. 8. The fact that stress values alone do not reflect the real 
disposition of samples due to the high dispersion associated with such types of 
engineering materials. 
For 3PB adhesive samples, here we have seen a shift that may be more obvious than 
in other types of samples. A significant decrease in the load carrying capacity was 
recorded as well as a very high rise in the deflection values by increasing the exposure 
time. Compared to the previous chapter, it can be said that increased radiation intensity 
has a very significant impact on the mechanical properties of the adhesive samples, 
where significant decrease in load carrying capacity with higher deflection are 
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observed as in Figure 6. 17 . Furthermore, the samples showed higher ductile 
properties regarding the fracture modes. It can be said that the most important addition 
in this section is to demonstrate that the mechanical behaviour changes when the load 
rate changes and the thickness changes. Where the adhesive is used in the SLJ samples, 
the behaviour differs from the 3PB samples. This gives justification of why the 
geometric form of samples as well as direction of the force and the type of the force 











7. Influence of UV-Associated temperature on single 
lap joint.   
 
 
n Chapters 5 and 6, the influence of the UV exposure duration and UV intensity 
level were discussed. Experimental evidence shows that the UV radiation has an 
influence on the mechanical properties for a range of sample types. At this point, 
it is important to understand the other dimension of solar radiation, which is the 
associated heat. It makes sense for the temperature to rise constantly with the exposure 
to solar radiation. The present chapter is therefore devoted to the study of this 
phenomenon, which is very important in relation to possible impact. 
Therefore, this chapter focuses mainly on the effect of solar radiation associated 
temperature change on the efficiency of SLJ made of carbon fibre and aluminium and 
tension samples made of CFRP as well as 3-point bending samples made of epoxy 
based adhesive material. The most important factors to be discussed are the effect of 
temperature on stress, strain and fracture modes. The SEM-EDS results of the chemical 
analyses will then be reviewed to find what is the most affected element by the UV 
rays and associated temperature change.  
7.1. The influence of temperature.  
One of the most important manifestations of direct exposure to solar radiation is the 
rapid and uncontrolled rise of surface temperature above the ambient surroundings. 
The rise in surface temperature occurs because the surface exposed to solar radiation 
absorbs a high amount of radiation without the ability to dissipate it to ambient 
surrounding at the same rate. That is, the rate of energy entering the surface is much 
higher than the energy that is being reflected or re-emitted. The frequent rise in 
temperature may lead to a change in the mechanical properties due to a change in the 
materials in the joint, especially for the joints made of adhesive materials. 
I 
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Determining the factors that are affected by temperature change is not an easy process 
at all. However, in the epoxy-based adhesives usually the following factors should be 
considered with a particular interest. The cure shrinkage was reported by Lu et al. 
[174] as it is important to know the optimal curing temperature. Moreover, it is 
important to know the coefficient of thermal expansion (CTE) of the adhesive 
compared to the CTE of the substrates to see the relative differences in the CTE at 
different temperatures [175]. Finally, it is of interest to examine the impact of 
temperature on the mechanical properties of the adhesive with temperature variation 
[176-179].  However, due to the polymeric nature of adhesives generally, the variation 
of the mechanical properties of the adhesives with temperature is considered a very 
important factor to take into account when it comes to choosing the adhesive joint. 
There is much research dealing with the effect of temperature change on the efficiency 
of adhesive joints (especially epoxy-derived base). Researchers have reported that the 
joint strength can be decreased or increased by increasing the temperature [180-183]. 
In general, it can be inferred from previous research that as the temperature rises, then 
the stress decreases with a ductile fracture mode. In contrast, at very low temperatures, 
the fracture mode may change into a brittle fracture but it does not necessarily have to 
reach a higher strength than in the baseline condition[184]. 
From a physical perspective, properties such as glass transition temperature (Tg), 
sublimation, evaporation, charring, melting, crystallization, cross-linking and water 
absorption may take place as a response to time and temperature. Therefore, the 
adhesive material (mostly) may undertake one or more  changes in mass, color, shape, 
and density, and the cracks and voids can  very possibly develop [185].  
Although we have all these theoretical and empirical information about the effect of 
temperature change, it comes in isolation from the primary source of heat: solar rays 
(which include UV). The present chapter is therefore the cornerstone for answering 
more specific questions about the role played by the heat associated with ultraviolet 
radiation in the degradation of adhesive joints. The effect of temperature change will 
be reviewed on the particular characteristic, such as stress, strain and fracture modes. 
7.2. Influencing Factors.  
Although the thermal degradation of the epoxy-based adhesives and composite 
materials such as CFRP is caused by constant change in temperatures, there are several 
other factors that can interfere with the degradation process. Therefore, as a result of 
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this degradation, the nature of the cushioning is different due to the nature of the 
substance, its size (exposure area) and its distance from the heat source (in this case it 
is the source of ultraviolet radiation). Therefore, the most important factors that lead 
to thermal degradation will be briefly reviewed as follows: 
7.2.1. Macromolecular Structure. 
It is important to understand that the most important factor affected by temperature 
change is the molecular bonding forces of atoms that are subject to this temperature 
change. In a lot of engineering materials (including adhesives-epoxy based), when it 
heats up for example, it will influence the force of the interconnection of these 
molecules which will generate a change in the composition of these molecules and the 
types of bonds that bind them[185]. In some cases, ties are changed from bilateral or 
triangular ties to weak mono bonds at a certain level as a result of the liberalization of 
bonds with high temperatures. This particular point is particularly important when 
temperatures reach a level close to or higher than the glass transition temperature Tg. 
7.2.2. Environmental interaction.  
Combined environmental factors currently reflect a high community concern. The 
combined effect of heat generated from solar rays is definitely different from the direct 
effect of heat only. In the first case, the impact is expected to be more severe and more 
realistic to the actual operational conditions. The thermophonic effect of the heat with 
the solar rays may be helpful factors in exacerbating what is known as photodamage. 
A change in the composition of surfaces (especially epoxy-based materials) can result 
from an oxygen reaction from ambient air which generates photo-oxidation, thus 
altering the chemical surface structure (this point will be discussed later). 
7.3. Thermal degradation mechanism.  
In general, the change associated with thermal degradation in epoxy-based adhesives 
or polymers that use the carbon fibre structure follows a series of chemical interactions. 
These interactions occur not only on the surface, as in the case of solar radiation, but 
also in the bulk of the substance and in the thicknesses, depend on the severity of 
temperature variations. The mechanism of degradation can be divided into three phases 
as follow: (a) initiation phase, (b) propagation, and (iii) termination phase[185]. 
In the initiation phase, free radicals are formed during the course of the breaking 
down of the main backbone chemical chain into smaller molecules, which leads to 
weakening of the molecular structure and destabilizing of the chemical formation. 
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While in prorogation phase, the smaller particles that formed from the previous 
phase start to interact with other elements to form cross-links that may prevent the 
material from retaining its original formation after the temperature removed. That is 
why the thermal degradation can be considered as an irreversible degradation at a 
certain level. Meanwhile, Termination phase occurs simply through breaking 
molecules bonding. It may also occur via chemical reactions by transferring a 
hydrogen atom from one side of the molecular bond to the other. Sometimes for 
thermo-oxidative degradation, the steps taken to lose the initial chemical composition 
can vary depending on the materials. However, in general, there is some change or 
revival of oxygen content occurring in some cases, which in certain cases accelerates 
the degradation process.  
7.4. Exposure setting.  
In this chapter we use the same variables as were used in Chapter 6 for UV setting (i.e. 
the time of exposure and intensity and wavelength), but we have added a new variable 
of temperature.  Temperature was varied from 400 to 600 C. Table 7. 1 shows the UV 
setting and associated temperature.  
 
Table 7. 1. UV setting, exposure time and associated temperature 
Dosage 
number  
Irradiation  Wavelength  Type  Source  Temp.  
Baseline  No direct irradiation  
Scenario 3-D3 1 w/m2/nm 340 nm  340 - A 8 Florescent bulbs  600 C 
 
 
7.5. The influence of UV associated temperature.  
The chapter is more focused on two main factors: strength values of the samples; and 
the change in the pattern of fracture. This is then compared to the results of Chapter 6. 
 
7.5.1. Influence of associated temperature on Single lap joint.  
In the previous chapters, the effect of the solar radiation (UV) was presented within 
two levels of intensity and an accompanying temperature of 400 C degrees. In this 
chapter, the second level of radiation intensity will be tested, i.e. (1 W/m2/nm) but with 
a higher temperature of 600 C degrees to be close to the temperature of a car body after 
being exposed to the solar radiation.  
   Chapter seven 
167 
 
Three mechanical properties will be highlighted to illustrate the effect of changing the 
temperature on the efficiency of the joint. These factors are: stress, strain, and fracture 
mode. To achieve the objectives of this chapter, change causes will be addressed by 
showing the impact of other physical variables such as relative weight loss as well as 
EDS surface composition chemical analysis. 
7.5.1.1. Weight reduction.  
The percentage of weight reduction due to solar radiation and its associated heat is 
calculated as a percentage of the initial weight before the exposure as in equation (6.1) 
[67].  Figure 7. 1 shows the effect of three exposure scenarios for single lap joint made 
of carbon fibre of different orientation.   In general, in refer to Figure 7. 1 we can infer 
that there is an increase in the weight loss rate by increasing the exposure time of the 
solar radiation, and this increase (as explained in the previous chapters) is not a linear 
relationship with time.  




Figure 7. 1. Weight reduction as function of UV exposure duration for three layup 
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On the one hand, it was demonstrated in the previous chapter that by increasing the 
radiation intensity rate there would be a higher relative loss of weight. In this chapter, 
depending on the same principle, a change of temperature from 400C to 600C may 
cause a clear difference in weight loss. For all carbon fibre orientation cases, there is 
an increase in the relative weight loss rate, but more pronounced in the case of 
unidirectional carbon fibre samples. This difference can only be justified by reference 
to the analysis of the radiation source angle and the effect of the carbon fibre surface 
ability to absorb the radiation [148].  
In numbers, the variation for weight decreases at 40 hours of exposure is barely 5% in 
all exposure patterns tested in the current search. However, this does not negate that 
the highest rate of weight loss occurred in the first 40 hours and up to 20% higher than 
the rest of the other times. This can be attributed to the rapid evaporation of some 
elements including the water resulting from the bonding moisturizing process or the 
moisture is present naturally in the materials that comprise the samples, especially the 
carbon fibre and the adhesive material [186]. 
With an increase in the exposure time of the radiation and the accompanying 
temperature to 80 hours, we note that by increasing the intensity of ultraviolet radiation 
there becomes a clear difference in the rate of weight loss and then it becomes more 
pronounced when reaching 160 hours for all carbon fibre layup patterns. This explains 
that to change the intensity of the rays and change the temperature the effect is distinct 
and different in the long term of exposure [187]. The reasons can be traced to the 
different nature of the effect of UV radiation, since each has a relatively different 
pattern of influence, which generates differences in the consequences. 
7.5.1.2. Stress reduction.  
Given Figure 7. 2, we initially see a significant convergence of stress values for all 
exposure patterns after 40 hours. The difference is simple and in its maximum 
condition does not exceed 4%. As the exposure time increases to 80 hrs, we see that 
there is a differentiation of results that shows a decrease in stress value as the level of 
radiation increases and the higher the degree of intensity. When the exposure time 
reaches 160 hrs, there becomes a clear variation and an effective difference for each 
type of exposures scenario. That is, by increasing the level of radiation, there is a 
decrease in the stress values. This is also the case for increased temperatures but at a 
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higher rate than radiation intensity only. This shows that temperature change has a 
higher effect than changing the intensity of the radiation. 
When we go back to Figure 7. 2, by comparing the effect of changing the carbon fibre 
orientation, we note that the unidirectional CF layup setting always exhibits a higher 
stress value in the time that the 450 -layup setting recorded the lowest. This illustrates 
the significant impact of changing the orientation of carbon fibre on the stress-resistant 
value that the joint can show[158]. 




Figure 7. 2. Stress reduction as function of exposure duration for different layup 
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The saturation condition [162] is the main reason for stress reduction. This means that 
the materials can absorb the radiation to a certain limit to initiate a series of chemical 
surficial reactions that affect the bonding forces between substrate and the adhesive 
materials. In this particular case , changing the radiation temperature is believed to 
have had an affect that not only happens at the surface layer but also can affect the 
interfacial chemical bonds between the material molecules and may led to weaken the 
joint ability to stress resistance [163].  
 
7.5.1.3. Strain condition.  
Giving a verdict on the competency of the joint without looking at the state of strain 
may not give a full picture of the facts of  the effect of the proposed variables. The 
stain behavior is largely determining the pattern of the fracture and illustrates the effect 
of temperature change on changing the fracture modes. 
In the previous chapters, it was shown  that by increasing exposure time there is a trend 
of ductility reduction (decreasing maximum strain). The same behavior is noticed 
when increasing the intensity of UV exposure.  
The previous trend differed when temperature changed. The temperature increase to 
60 degrees has significantly reduced the strain values in all types of samples as in 
Figure 7. 3 and in increasing proportions as exposure time increases. The decrease we 
are witnessing in the case of increased temperature can be attributed to the thin layer 
of adhesive and the occurrence of a hardening of adhesives due to the temperature 
difference between the two sides of the joint. The carbon fibre retains the temperature 
for much longer than the aluminium. This difference, due to the relative thermal 
expansion of the substances, caused a significant fracture in the aluminium side (as it 
will be clarified later) and thus the joint in which the fracture occurred at a lower rate 








Figure 7. 3. Strain values as function of different UV exposure levels and elevated 
temperature for diffident layup settings  
 
7.5.1.4. Stress – strain relationship of SLJ samples  
Figure 7. 4 illustrates the stress-strain relationship for three different types of carbon 
fibre layups settings exposed to three intervals of UV with an associated temperature 
of 600 C. While the shapes on the right are the same relationship for the same scenario 
as UV exposure but with accompanying temperature of 40 º C.  
For a 45-degree layup setting of the carbon fibre, in Figure 7. 4,  we notice a decrease 
in stress value with increased exposure time and also a significant decrease in strain 
values. Most importantly, the curve is significantly tilted towards the x-axis so that the 
slope is almost zero, which means the fraction has occurred in a much less time than 
the time the fracture occurred in the previous scenario (40 ° C-to the right). This 
disposition and change in inclination are very important and must be taken seriously 
in the design of the joints especially if one end of the join is made of composite 
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Figure 7. 4. Stress-strain relationship for three different layups setting as function to 
different UV exposure intervals.  
The same case was repeated in the case of 900 layup setting, where there is a decrease 
in the value of stress and strain with a dramatically tilted stress -strain curve toward 
the x-axis. It means that the stress value has risen sharply at the beginning of the test 
without allowing for suitable elongation due to temperature increase compared to the 
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In the same way to previous cases, it is in the case of a unidirectional carbon fibre; 
see Figure 7. 4, it can be said that the value of stress has decreased relatively with the 
increase in exposure time and compared to the previous scenario (to the right) note 
also decreases in the stress value with increased temperature as well as a significant 
change in the value of strain. In general, the slope of the curve is also shifted towards 
the x-axis which mean that the temperature not only affects the value of stress, but 
very much on the stress values and thus the shape of the stress-strain curve. This 
inevitably must be taken seriously when designing adhesive joints that are exposed to 
high temperature levels during their life span. 
7.5.1.5. Fracture modes analysis of SLJ.  
As in previous chapters , once again  ASTM D5573-99 [165] was used to classify the 
fracture modes based on the criteria shown in  Table 5. 1, then  (ImageJ – software) is 
used for fracture percentages calculation instead of the traditional method in ASTM 
standard above.  
Previously, it has been shown that there has been a change in the fracture modes based 
on time and intensity of ultraviolet radiation. In the same way it is based on              
Figure 7. 5 and Table 7. 2 which will show how the fracture modes were shifted based 
on the temperature change.  
For unidirectional CF layup setting, when looking at the fracture modes in          
Figure 7. 5 at the baseline, it is in total a mixture of D in percentages ranging from 80 
-100% and A pattern of between 0-20%, and we note that this pattern differs in terms 
of time. At 40 hours, with 60 degrees of temperature, the pattern is mainly converted 
to a D with an estimated rate of 70% and C pattern of 10-15% and A pattern of 10%. 
When the time increases to 160 hours, the pattern A is missing, and the pattern D is 
increased up to 95%.As an explanation of these percentages, it can be said that the 
fraction has been transformed from a mixture of delamination of carbon fibre, cohesion 
in the adhesive and interfacial failure at the aluminum side modes into the 
delamination of the carbon fibre or in the adhesive, with no fracture appearing between 
the surface of the aluminium and the adhesive.  
In the same way, when the carbon fibre layup is 450, from  Figure 7. 5 , it is mainly 
noted that the fracture pattern was a combination of D, C and A with ratios of 95%, 
8% and 5% respectively. Then, by increasing the time to 160 hours of UV and 600C 
temperature, we notice that the fracture pattern has changed to only D of up to 98% 
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and A which is only up to 3% with a complete disappearance of the C pattern. This 
means that the fracture certainly occurs within the carbon fibre layers because the 
adhesive materials showed higher resistance then the bonds between the CF filaments 
and epoxy based dominated matrix. 
In case 900 of carbon fibre layup, the baseline case enter fracture is in the pattern of 
D, which is delamination of the carbon fibre layer, especially in the surface layer. After 
40 hrs of UV radiation with a temperature of 60 °c, the fracture modes are changed to 
a mixture of D with a percentages of 45-60% and A mode ranging from 40 to 55%. 
This is considered as an improvement in the fracture pattern, because it occurs away 
from the carbon fibre to make less damage to the carbon fibre structure. The situation 
continued in roughly the same pattern after 80 hours to change dramatically after 160 
hrs of exposure to become a D mode inside the carbon fibre by up to 77% and A pattern 
of 23-25%. This change in the fracture pattern is a direct indication that by changing 
the conditions under which the joints are exposed, the fracture mode varies in varying 
proportions. This point in general is very important and specifically for composite 
materials, as there is a continues need to improve the properties of carbon to avoid 
failure in the structure. The task of controlling and anticipating the fracture modes 
therefore remains in need of a lot of experimental work first and then mathematical 
analysis to put in place some models that can anticipate the fracture in each case of 
exposure scenarios of environmental conditions.
















Figure 7. 5. Fracture modes transformation as function to UV exposure duration – Associated temperature influence.  
Baseline:  00 layups 
M(D+A): CFL 
80%, AL 20% 
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160:  00 layups 
M(D+C): CFL 95%, AD 5% 
40 hr:  450 layups 
M(D+A): CFL 55%, AL 45% 
80 hr:  450 layups 
M(D+A): CFL 85%, AL 15% 
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M(D+A): CFL 97%, AL 3% 
40 hr:  900 layups 
M(D+A): CFL 46%, AL 54% 
80 hr:  900 layups 
M(D+A): CFL 52%, AL 48% 
160 hr:  900 layups 
M(D+A): CFL 70%, AL 30% 
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Table legend: Blue is chosen to be presented in Figure 7. 5 above 
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7.5.1.6. SEM-EDS analysis of SLJ.  
In the previous chapters, we witnessed a visible variation in the fracture modes based 
on the change of time and the intensity of UV radiation. As we have also seen in the 
previous paragraph of this chapter, the fracture modes have changed as a result of the 
associated temperature of ultraviolet radiation change. Here, the explanations given 
have focused in one way or another on a change in the microscopic composition of the 
various substances that were exposed to the factors mentioned above. Evidence of this 
change is possible using the Energy-dispersive X-ray spectroscopy EDS. Therefore, 
the current section will be investigating the most significant chemical element changes 
with time, radiation intensity and associated temperature change, in support of what 
has been concluded in the current chapter and previous chapters.  
Figure 7. 6 shows the image of the EDX_SEM of the adhesive without being exposed 
to any UV rays or any temperature. The images were captured by Joel IT300. With a 
magnifying zoom of 700 X and a 10-KV volts of charging. Three specific points were 
then identified in order to take readings of their surface spectral analysis. Point 1 
represents the surface of the aluminum side, while point 2 represents the residue of the 
adhesive on the surface of the carbon fibre. Finally, point 3 represents the edge of the 
fraction of the adhesive. 
The oxygen (O) and carbon (C) values represent the higher ratios while the value of 
gold (AU) has generally been neglected as a result of the samples coating process as 
described in chapter three. The Oxygen is the most important factor that can 
develop many chemical reactions with ambient air or with free molecules from 
the carbon fibre or the adhesive material [188, 189].   
Referring to Figure 7. 6, it is clear that the oxygen and carbon levels have a direct 
correlation. By increasing the carbon, the oxygen decreases, and the opposite is true. 
By returning to the oxygen level, note that the oxygen level at the surface of the 
adhesive on the aluminium side (point 1) is higher than point 2, which represents an 
inner layer of adhesive material, which in turn is similar in value of the fraction area 
in point 3. This gives the impression that oxidation possible occurs on the interfacial 
surface of   the aluminum and adhesive materials more than the second side at the 
carbon fibre surface. However, it cannot be fully asserted that the primary reason is 
the level of oxygen as far as this analysis supports the previous results when there is a 
superficial failure especially in the aluminum side. The convergence of oxygen values 
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in this sample gives a kind of assurance of the accuracy of the analysis and therefore 
of the qualitative value of the results when comparison with cases where the adhesive 
material was exposed to ultraviolet radiation. 
 
Figure 7. 6. The SEM-EDS for the adhesive material of none-exposed sample.  
 
 
   Chapter seven 
181 
 
In Figure 7. 7, where the sample image was exposed to 160 hours of radiation level (1 
kw/m2/ nm) and at 400C, the magnification of 500X and the charging voltage of 10 
KV is used. Once again, we see that the Oxygen level varies depending on the place 
that is defined to make measurements. In Figure 7. 7, the point 1 is in the head notch 
area while the point 2 is for the surface of the adhesive material facing the aluminum 
side, and finally the point 3 is for the small fragment of the epoxy crust that covers the 
carbon fibres. The oxygen level in Figure 7. 7 is less than in Figure 7. 6, and this gives 
the impression that there has been an interaction between the surface of the adhesive 
and the aluminum that causes the fracture to be drastically interfacial. While the 
oxygen value in the incision area (point 2) is much higher than the value on the surface, 
this is due to the release of oxygen from within the crack area due to the transformation 
caused by the separation of particles and the breaking of the bonds that bind the 
adhesive material. In point 3, as this is part of an epoxy matrix, we see that the oxygen 
value is the highest. That is, there is a high percentage of oxygen formed by the 
installation of matrix epoxy that encapsulates the carbon fibre threads.  




Figure 7. 7. The SEM-EDS of adhesive materials from sample exposed to D2-160 hr 
@400C 
 
In order to understand the difference between the oxygen level and the carbon, the 
ingredients had to be tested linearly, in which the fracture occurred after 160 hours of 
UV exposure at 600C. Figure 7. 8 illustrates how the oxygen level varies according to 
the components that have been detected using a 10 Kv charging voltage and 700 X. 
magnification.  




Figure 7. 8. Liner SEM analysis of fracture area of sample exposed to 160 hr of VU 
radiation with 600C of associated temperature. 
We note from Figure 7. 8 that there is a variation in the amount of carbon and oxygen 
in the areas of adhesive or carbon fibre. The more we move to the adhesive materials 
zone, the more oxygen is available than in the carbon fibre zone. This explains why 
the failure on the side of the carbon fibre generally is delamination of the carbon layers 
while it is an interfacial type between the aluminium and the surface of the adhesive 
as a result of oxidation or what is known as the photo-oxidisation in which oxygen 
plays a decisive role to form it[188, 190]. 
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7.5.2. Influence of radiation intensity on CFRP tensile samples.  
The same way we dealt with the previous two chapters, the effect of the change in the 
temperature associated with ultraviolet radiation had to be tested on the stress, strain 
and fracture pattern for tensile carbon fibre samples. Proving that the effect is not on 
the adhesive only, but the effect also extends to carbon fibre and the connection 
between the layers which consists of carbon fibre. As a result, the fracture pattern when 
attaching carbon fibre to aluminium through adhesives also will affected. ASTM 
D3038 [133] and [134] were used as described in chapter 3 to manufacture and test the 
samples, while the exposure setting is formed from radiation intensity of 1 (W/m2/nm( 
and associated temperature of 600C for 40, 80 and 160 hrs of exposure duration.  
7.5.2.1. Stress condition  
Referring to Figure 7. 9  and for 900 layups setting, we have not seen a significant 
change in the stress value. Reflecting the mechanical value of the carbon fibre in 
general, we have seen a clear decrease in strain values with a temperature increase 
compared to the results with less temperature (as in the form to the right). The reason 
can be attributed to the crack’s formations from the outer surface into the carbon fibre 
layers, which means that the fraction has the same values as stress but occurs at a faster 
pace. From the Figure 7. 9 we did not notice a change in the slope of the curve until 
the fracture which means that changing the shape of the last layers gives relative 
stability to the stress values. 
For the layup-setting of 450 (Figure 7. 9), Again, we didn't see a significant change 
for stress values compared to previous cases (to the right of the figure) and there might 
be a very slight increase in stress values compared to baseline condition. That is not 
surprising at all, but on the contrary, it supports a theory of hardening of the carbon 
layer, which means greater power to the fractional, but a much lower level of strain 
from the basic condition. The tendency of the curve is approaching the X axis, which 
very clearly reflects the effect of the rising of temperature associated with ultraviolet 
radiation. 
For 00 layup-setting (Unidirectional) as in Figure 7. 9, the same change that 
happened in the cases, 450 and 900 layup settings are the same where the unidirectional 
layup setting follows the same pattern by not having a significant reduction in 
maximum stress values rather than seeing a very slight increase in the stress value 
compared to the previous case (to the right of the figure). However, there is a change 
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in the slope so that the slope is no longer a straight line until the failure but follow the 
first stages in line until a linear cracking of the sample, then gets slightly stretched to 
the final failure with a much less strain value than the baseline condition. The 
explanation may be due to the initial cracking and then the load does not need to have 
high elongation for failure because the samples lose the ability to withstand higher 
loads. It is noticeable that in many of the samples whose results were rejected as a 
result of the slipping, it gets broken at a very early stage due to damage to the samples 
gips (tabs) at both ends of the sample. Therefore, unidirectional carbon fibre CFRP 
samples are recommended for the manufacture of sample tapered tabs in order to allow 
a higher weight to pass without failure in the samples and to ensure the fracture occurs 
in the effective area. 






Figure 7. 9. Stress – strain relationship for different layup setting and different UV 
exposure durations at selected temperature.  
7.5.2.2. Fracture modes analysis of CFRP samples.   
 Based on the ASTM D3039-08 [133], the fracture modes classification criteria is 
shown in Table 5. 3. while Table 7. 3 shows the fracture map after the samples are 
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Table 7. 3. Fracture modes (type, area and location) variation as a function to the 
layup setting and UV exposure time. 
 
Looking at Table 7. 3, it can be seen that there is a shift in the fracture modes as the 
time increases as a result of exposure to UV radiation of (D3-1 W/m2/nm) at 600C.  
In the case of 450 CF layup setting, the pattern has shifted from most of it being 
AMG by 66% to a mixture of XMV 40% and the rest is a mixture of other types. That 
is, the fracture is becoming more dispersed and undefined in total. When comparing 
the fracture modes in the current chapter with the previous two chapters, we do not 
note a relative difference as a result of temperature change as we have previously stated 
that the fracture has become more dispersed and cannot be described as having a more 
specific pattern.  
In the case of 900 CF layup setting, the fracture pattern is also transformed by a 
change in exposure time. The fraction of the entire DGM of 66% is changed to XMV 
of 40% after 160 hrs of exposure, but also in proportions which cannot be considered 
absolute. It is also a fraction change but with different patterns giving the impression 
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that temperature elevation leads to fragmentation of the fracture modes in terms of 
types and proportions.  
In the case of unidirectional CF layup setting, the fraction also showed a change 
with time and shifted from the GAB of 66% to SVG of 60% after 160 hrs. This is more 
clearly shown than in the 450 and 900 layup settings. That is, unidirectional carbon 
showed a more consistent pattern of fracture. However, compared to the results of the 
previous chapter, there is no perceptible change in the effect of temperature change as 
the strain values in Figure 7. 9 show.  
The temperature has a clear effect on the fracture modes compared to the baseline 
condition and slightly higher than the effect of radiation intensity only. This gives the 
impression that the temperature and UV rays have a similar effect on the fracture 
pattern with more pronounced transformation when temperature increased.  
7.5.2.3. SEM-EDS analysis of CFRP samples.   
We have noted that there has been a change in the pattern of fracture by changing the 
factors controlling the UV exposure. In order to support the results achieved, it was 
essential to identify the possible change in the chemical elements and the effect of this 
change on the fracture modes that recorded. Therefore, the analysis of any SEM-EDS 
is an important step and is presented here for the first time in such a kind of 
investigation. 
In Figure 7. 10 is an analysis of a piece of a sample not exposed to any of the factors, 
where different points were selected to show the chemical composition change in these 
points on the sample surface after the fracture. Note that there is variation in the ratio 
of carbon and oxygen from one point to another. Carbon is higher at the carbon fibre 
filament (point 1) by up to 95%, which is very logical, and the percentage drops to 
83% in point 3 (point on the matrix in contact to the carbon fibre filament). It is also 
noted that with a decrease in carbon values, we see an increase in oxygen values. 
Comparing these values with the values in Figure 7. 11 where the images are from a 
sample have been exposed to 160 hr of UV radiation at 600C. The first point of 
attention is that the values of the carbon become less with a significant increase in 
oxygen values. The carbon values range from 66% to 86% depending on the location 
of the selected point, with oxygen percentages achieving values between 10%-25%. 
This gives the impression that the oxygen ratio rises as the exposure time to UV 
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radiation and the temperature rises. These results do not give sufficient assurance as 
we have already stated. However, they can be considered as a reinforcement for the 
main results that have been accessed through mechanical properties. However, the 
researcher believes that the effect of ultraviolet radiation on chemical properties could 
be investigated by adopting SEM-EDS technologies in the future. Moreover, for 
research in this area, in particular with the continuous development of this technology, 
which is itself an essential area of scientific research, careful considerations should be 
adopt for the factors that leads to results overlapping.  
Figure 7. 10. The SEM-EDS for CFRP surface of sample none-exposed to UV 
radiation.  
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7.5.3. Influence of radiation intensity on 3PB adhesive samples.  
We saw in the previous two chapters that by increasing the exposure time or ultraviolet 
radiation intensity level the samples were starting to show less susceptibility to 
withstand load with an increase in elongation in such a way that the fracture 
transformed from a relatively brittle to more ductile modes. 
7.5.3.1. Load- deflection relationship.  
Apparently from Figure 7. 12, when the samples are exposed to UV rays of (1 
W/m2/nm) with associated temperature of 600 C, the samples show a completely 
different behaviour for the same UV pattern, but only at 40 °C. In other words, 
increasing the temperature associated with ultraviolet radiation significantly affects 
the samples ability of carrying load capacity and the resulting elongation of this load. 
Returning to Figure 7. 12, increasing exposure time to 40 hr increases the load carrying 
capacity by 2%, then the increase is 17% after 80 hours, finally reaching approximately 
70% after 160 hr. Given the value of elongation (deflection), it decreases dramatically 
when temperature changes from 400 C to 600 C. After 40 hr there was an increase of 
6%, then the increase was reversed to a decrease of 17% after 80 hrs and eventually to 
a 29% decrease after 160 hrs.  
This change in mechanical properties (load and deflection) is contrary to what has been 
discussed earlier in chapters 5 and 6, and this difference can be very clear when looking 
at Figure 7. 13. We can return the reason for this reverse behaviour because increasing 
the temperature which resulted in hardening not only the surface of the samples but 
the whole bulk of the samples [178]. In other words, is not only superficial but for the 
entire internal material of the samples. This reflects the critical effect of increasing the 









Figure 7. 12. Carrying load capacity and elongation as function to UV exposure 




Figure 7. 13. The UV influence on the load- deflection relationship of three different 
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7.5.3.2.  Fracture modes analysis.  
Apparently, increasing the associated temperature from 400C to 600C has a significant 
influence on the load- deflection relationship as shown in Figure 7. 13 above. To 
understand the full influence, fracture modes analysis is considered another 
mechanical parameter to define the temperature influence on the 3PB samples made 
of epoxy based adhesive materials.  
Figure 7. 14 illustrates the variation in the fracture pattern with an increase in exposure 
time to a radiation level of (1 W/m2/nm) and with an accompanying temperature of 60 
° C. where the fracture modes still can be described as brittle with increasing the time, 
and clearly contrary to what we have seen in Figure 5. 24 and Figure 6. 18 of chapters 
5 and 6 respectively. By referencing Figure 7. 13 and images in Figure 7. 14, we can 
deduce that the temperature has a very strong effect so that the results in chapter 6 are 
reflected to be in the opposite direction. Altogether, the high temperature shifts the 
fracture pattern from the ductile to the brittle in very large percentage; this is showing 
how the adhesive materials are sensitive and can be easily influenced by many 
environmental factors.  
 
Figure 7. 14. Fracture modes transformation with the time for UV dosage of (1 
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7.6. Summary.  
The current chapter is one of the few studies that have given attention to the 
combined effect of UV radiation (sunlight) and the associated temperature with 
consideration of three different types of samples that are involved in many engineering 
applications, especially in the automotive industry.  
The main contribution in this chapter is to show the sensitivity of such a kind of 
materials combination to the variation of the associated temperature. Each type of the 
samples showed different response to the temperature change. This requires special 
attention to these changes if these different substances are joined by adhesive 
materials.  
The response of these substances to a change in temperature means that each substance 
has a different thermal expansion factor that generates additional stress on the joint, 
and as a result reduces the life of the joint or reduces the level of stress that it is 
supposed to withstand. 
For the SLJ, the increase in the temperature associated with the UV radiation is 
accompanied by higher weight reduction compared to previous chapters, as seen in 
Figure 7. 1, as well as a change in the mechanical properties of the joint – such as stress 
(Figure 7. 2) and strain as in Figure 7. 3. The strength values have not decreased as 
much as the maximum strain values have decreased. This was accompanied with the 
change in the stress – strain relationship. The curve is relatively different and flattened. 
It also demonstrates that there is variation in the fracture pattern in a reasonable rate 
proportionate to the time (see Table 7. 2). These results are in themselves an important 
contribution to experimental knowledge on the subject. The classification of fracture 
modes and improving the conversion ratios is also an important adjustment which can 
be adopted in future research.  
SEM-EDS analysis can be a future direction to highlight the relationship between the 
mechanical properties change with the chemical reactions and changes due to the UV 
radiations. 
For carbon fibre tension samples, there was a decrease in the strength values 
compared to the same values when the temperature was lower and the same intensity 
of UV radiation (Chapter 6) as in Figure 7. 9. However, in the same figure, this change 
in stress values is relatively small but accompanied by a very clear decrease in strain 
values, which gives the perception that the hardening of the carbon fibre plate has been 
caused by the temperature rise. It is important to understand that the amount of change 
in strain does not exceed parts of the millimetre, but it is very important in many 
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applications as any change in strain is important and sensitive especially when using 
carbon fibre in very sensitive applications. 
Again, the classification of the fracture form based on change of time and 
temperature is an important contribution.  Therefore, it is imperative to adopt the 
fracture pattern as a basis for judging the impact of environmental variables. It can 
also be seriously noted that the change in mechanical properties can not only be judged 
by looking at the ultimate stress and strain values without looking at the shape of the 
stress-strain curve as it gives a complete conception of the change. It can be said that 
for the first time such a change in the properties of carbon fibre is presented regarding 
the combined effect of UV radiation and associated temperature. 
 
For 3PB adhesive samples, the change in the mechanical properties of the 3PB 
samples may be one of the most important contributions to this chapter and the 
most obvious. Comparing the change because of changing the temperature associated 
with UV radiation with the previous chapter, highlights the importance to the study of 
the combined effect of UV radiation and its associated temperature. The shifting in 
both the load, deflection values and the fracture pattern was very apparent (see      
Figure 7. 13). As we have seen the largest transformation of mechanical properties is 
from the mostly ductile to the extremely brittle. Load carrying capacity values have 
increased markedly when exposure time has increased, and the deflection values have 
decreased significantly with increased exposure time, which is quite contrary to what 
was seen previously in Chapter 6. 
In general, the variation in the response of different substances to temperature change 
is a critical factor if these substances are to be used together within the engineering 
applications, especially those exposed to changing intensity of solar rays for long 
periods. The variation in the response of substances (carbon fibre, adhesives) confirms 
the general reluctance to use adhesive joints in the sensitive and essential locations of 
engineering structures. The most important contribution in this chapter is that we 
have empirically demonstrated the importance of taking into consideration the thermal 
expansion factor when designing different joints, and the consideration of the 
components that make up the joint.






Chapter eight   
 




n many engineering applications, 90% of failures occur as a result of dynamic 
loads with load levels around 25% of the ultimate static load, which is way lower 
than the ultimate load level in static loading conditions. On the other hand, Baldan 
[41] pointed out that despite the great impact of the mechanical loading conditions, the 
environmental, geological and radiological factors have effects that cannot be ignored 
or avoided in any way. 
In the previous chapters, the effects of exposure duration, radiation intensity, and the 
effect of temperature associated with radiation on aluminium-carbon fibre joints and 
other types of samples were reviewed. Results from the previous chapters showed the 
importance of conducting an experimental investigation on the effect of ultraviolet 
radiation on the fatigue life of the single lap joint. Therefore, the single lap joints of 
CFRP/AL samples were subjected to three radiation scenarios as described in Chapter 
4. Later, the mechanical factors such as the load level or frequency, as well as 
radiological factors such as exposure time, exposure level and temperature associated 
with irradiated rays, were experimentally investigated. 
The most important results of the current chapter are to clarify the effect of ultraviolet 
radiation on the fatigue life compared with the effect of other mechanical factors, as 
there is a decrease in the fatigue life with increasing fatigue load level, while there is 
less impact of ultraviolet light for constant load level followed by the frequency impact 
while higher impact to the associated temperature of the UV radiation. On the other 
hand, the type of fracture obtained because of the weight load was analyzed and 
compared with the fracture obtained by the effect of ultraviolet radiation in previous 
I 
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chapters. A significant change was observed in the fracture pattern by changing the 
power level as well as the apparent imbalance compared to the static loads of previous 
sessions. 
8.1. Fatigue in adhesively bonded joints.   
Goodman and Basquin gave the first presentation of the stress - number of cycles (S-
N) curve during their study of the effect of changing the load on the actual lifetime of 
some mechanical parts [191]. From then on, applied and theoretical research evolved 
to develop concepts and perceptions that lead to the early failure of different parts due 
to dynamic loads. Many of these studies dealt specifically with the mechanical effects 
on the life span of different parts, including the effects of the operating environment. 
All previous research has been heavily influenced by the development of new theories 
and perceptions of many known engineering materials (especially metals). However, 
with the rapid and increasing development of the use of the modern materials such as 
composite materials, including carbon fibre, most of the previous theories have been 
unable to give enough perceptions about the response of these materials, whether 
subjected to dynamic loads or environmental variables.  
Many engineering applications are subjected to complex stresses, which vary in 
intensity according to operating conditions and loads. In fact, 90% of these loads are 
dynamic loads rather than just static loads [40]. Furthermore, failure due to dynamic 
loading systems are more likely to occur in lower load values than static loading 
systems [87]. This motivates researchers to investigate the consequences of these loads 
with different environmental conditions and their impact on the operational lifetime of 
these applications. As is well known, this is an additional challenge if we want to study 
the adhesive joints of dissimilar materials. The reason is that different materials 
behaviour in such systems add more complexity to the existing problem of the loading 
regime. 
This current research highlights one of the important aspects in the scientific research 
database which is the effect of solar radiation represented by UV radiation on the 
performance of adhesively bonded joints of carbon fibre with aluminium. Once again, 
the study of the adhesively bonded joints of dissimilar materials represents the starting 
point for evaluating the effectiveness of these joints in modern designs that require 
light weight, high reliability to withstand the stresses and different environmental 
conditions. In addition to mechanical loads, many applications such as airplanes and 
cars are exposed to different levels of ultraviolet radiation as well as the heat generated 
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by this radiation [71, 192]. Many researchers have prioritized the analysis of dynamic 
stresses in isolation from the actual conditions of operation in attempts to understand 
the mechanical behaviour of associative bonds objectively [193-195]. The method 
cannot be challenged as much as modern research focuses on other priorities because 
of the need for a broad understanding of the behaviour of complex engineering 
structures under different possible operational conditions [40]. Studying the 
environmental stress has been considered by reputable researchers. For example, 
evaluation of the effect of moisture and temperature was presented by Zhao, et al [64]. 
The researcher presented a review of what has been discovered in many research and 
laboratory experiments. The researcher concluded that heat and humidity have a direct 
effect on weakening the bonding strength and thus reducing the fatigue life. The effect 
of changing the temperature on the fatigue life presented by Bai et al [75] where 50% 
reduction in the joint strength and about 20-30% of the reduction in residual stress are 
recorded compared to baseline condition at room temperature. While the moisture has 
a different effect than the effect of the heat, it is clear that the moisture leads to the 
oxidation of the metal surface by the edges of the adhesive area and through 
penetration in the porous cracks between the adhesive material and the metal surface. 
While this phenomenon has less effect between the surface of the adhesive and the 
surface of carbon fibre due to the observation that the adhesive material and CFRP 
generally share characteristics that are somewhat similar. Nguyen, et al [196] 
presented very interesting data related to the temperature influence on the fatigue life 
of the adhesive joint. The authors concluded that raising the load to 80 % of the 
ultimate tensile load can generate a rapid increase in the joint temperature from 250 to 
500 C and the joint fails within a short amount of time. However, increasing the 
temperature from 250 to 500 C at 50 % of ultimate tensile load gives a longer time of 
the fatigue life.   
The radiation within the wavelength spectrum from 230 nm to 380 nm represents 
approximately 6% of the total energy of spectral radiation. However, it represents high 
energy and leads to different changes on many engineering materials [65, 197, 198]. 
These effects vary at different levels, such as chemical and physical changes, and thus 
greatly affect the mechanical properties of materials and their performance in the long 
term [76, 167]. Determining the amount of damage resulting from exposure to sunlight 
depends on several factors, including the type of irradiated radiation, its intensity and 
the extent of time exposure to this radiation. It needs to be mentioned that the effect of 
   Chapter eight 
199 
 
UV exposure can extend beyond the surface to alter the chemical composition of the 
exposed surface, resulting in diffraction or discoloration and surface cracks that may 
play a role in determining the mechanical properties later on[197]. The affect can 
extend into the inner layers of the CFRP and may affect around three layers as 
explained by Fawzia [163].  
The experimental study by Nguyen, et al [69] presented multiple perceptions of the 
effects of UV exposure on adhesively bonded joints of steel and carbon fibre. The 
authors explained that there are many variables which can affect the strength of the 
joint and the failure modes. Exposure to this type of radiation can lead to a brittle 
behaviour and therefore a catastrophic failure occurs in most of the cases.  
In the meantime, many studies have been quite successful in providing a mathematical 
model to illustrate the effect of heat and moisture exposure on the strength of adhesives 
[34, 57, 199]. At a slower pace, limited research has been presented on the effect of 
solar radiation on the fatigue life of the adhesive joints [190, 200]. These researches 
show that there is a differential effect of solar radiation based on their observations. 
However, this does not give full impressions and perceptions to adopt a mathematical 
concept or model to predict the behaviour of materials when exposed to solar radiation. 
This complexity increases if the joints are viewed as an integrated system within a 
complex geometric structure consisting of many dissimilar materials. The research 
challenge has been faced with many obstacles, including that the materials do not show 
the same response to radiation even if they have the same basic characteristics or even 
if they have been exposed to the same source of radiation, whether it was a natural 
source or industrial source. 
For example, Deng [194] presented an experimental and an analytical model on the 
effect of applied load on the fatigue life for carbon fibre-steel joints. The researcher 
used an experimental and a digital model to present a numerical model to describe the 
potential relationship between changing the mean load on the fatigue behaviour. 
Fatigue loading influence on the CFRP/Steel joint was presented by Wu et al [201]. 
The authors concluded that there is fatigue carrying load capacity reduction by 20 % 
when the mean load ratio increased from 0.2 to 0.3 and a transformation in the fracture 
modes from mostly interfacial failure mode into more interlamination mode inside the 
CFRP. This transformation in the fracture modes is reported as well as by Liu et al 
[195].  
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8.2. Experimental setup.   
In this study, single lap joints (SLJs) based on ASTM D3165-07 [139] as shown in 
Figure 8. 1 were made of 7 layers of unidirectional T700 CF infused in RIM935 epoxy 
resin and RIM937 hardener (provided by Ironbark Composite – Australia). The sheets 
were cured for 8 hr at 600 C and cut by water jet and bonded to aluminium 6061-T6 of 
3 mm thickness. The surface pre-treatment followed the recommendation by Khaleel, 
et al [32] for the aluminium and CFRP respectively and then the samples were  bonded 
by spabond 340 epoxy based adhesive system from (Gurit company). Later, the 
samples were cured for 8 hr at 65-70 C in an electric furnace and kept in rest for 10 
days.  
 
Figure 8. 1. Single lap joint configuration and dimensions 
8.2.1. UV and temperature setting.  
After the curing time elapsed, the samples become ready for the UV dosages. The UV 
and temperature settings are shown in Table 8. 1. where UVTest™ Figure 8. 2 ageing 
chamber was used to provide a calculated dosage based on Melbourne-Australia 
weather conditions with consideration of the ASTM G 154 [147].  
Table 8. 1. The UV dosages and associated temperature 
Scenarios Irradiation Wavelength Type Source Temp. 
Scenario 1- D1 0.5 w/m2/nm 340 nm 340 - A 8 Florescent bulbs 400 C 
Scenario 2- D2 1 w/m2/nm 340 nm 340 - A 8 Florescent bulbs 400 C 
Scenario 3- D3 1 w/m2/nm 340 nm 340 - A 8 Florescent bulbs 600 C 
 
The three scenarios represent different irradiation levels. It is important to note that 




All dimensions in mm 





   Chapter eight 
201 
 
represented in scenario 1, while, the scenario 2 represent normal summer days with 
moderate temperature which is different from scenario 3 that represents extreme UV 
and temperature conditions. The most important thing is to calculate how much energy 
is emitted in each scenario to represent approximate real-time exposure.  
 
Figure 8. 2. UVTest™ weatherometer chamber used to deliver controlled UV 
dosages 
 
8.2.2. Fatigue test setting.  
The servo-hydraulic MTS 858- 25 kN load cell, shown in Figure 8. 3, is used to 
conduct the fatigue tests. Different loading and frequencies were used to achieve the 
study goals. The fatigue test plan (loading and exposure parameters) are shown in  
Table 8. 2.  
 
Figure 8. 3. MTS 25 kN load cell used for fatigue investigations. 
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The experimental plan focuses on the most influential factors on the fatigue life of the 
joint. Therefore, the first focus was on giving approximate limits of the fatigue life by 
means of the load / cycles relationship to study the influence of the mean load 
variation. Later, the effect of load frequency was experimentally tested by selecting 
three levels of frequency. There were fears of high temperature hyperthermia when 
using high frequency, and these fears are justified in some types of adhesives. 
Therefore, there was a study of the thermal distribution that was generated due to rapid 
changes in loading by using a thermal camera from Micro-Epsilon type 
thermoIMAGER TIM 160.  The camera has a temperature range of -200 C to 15000 C 
with use of 23 mm lens and measurement resolution (Display) of 0.1°C see              
Figure 8. 4. This camera was placed at 0.45 m from the samples.  
Later, the effect of changing the radiation intensity, the associated heat and the effect 
of exposure duration on the fatigue life was tested. The details of the tests and the 
number of samples can be seen in Table 8. 2 below.  
 











Scenario no. Exposure 
time (hr) 
Temp. C Number of 
samples 
Mean load and frequency investigation 
5 5, 10, 15. 5 4 Baseline 0 Room 12 
4 5 4 3 Baseline 0 Room 4 
3 5 3 2 Baseline 0 Room 4 
2 5 2 1 Baseline 0 Room 4 
UV exposure level and associated temperature investigation 
5 15 5 4 Scenario 1-D1 160 40 4 
5 15 5 4 Scenario 2-D2 160 40 4 
5 15 5 4 Scenario 3-D3 160 40, 60 8 
UV exposure duration investigation 
5 15 5 4 Scenario 3-D3 40, 80 60 8 




Figure 8. 4. ThermoIMAGER TIM 160 thermal camera setup 
 
8.3. Mechanical Factors affect the fatigue life of SLJ.  
In the following sections, fatigue life evaluation based on mechanical parameters will 
be experimentally investigated. The result will be used to compare the influence of 
each factor as well as to compare the results of this chapter with the previous chapter. 
 
8.3.1. Effect of mean load changing. 
Changing the mean load effectively contributes to the determination of the fatigue life 
for the bonds using adhesives. The increase in mean load value leads to a reduction in 
the number of cycles until the failure rate is gradually proportional linearly. From 
Figure 8. 5 it can be noted that the average number of cycles decreased by 13% after 
the mean load was lifted from 2 kN to 3 kN and the number of fatigue cycles decreased 
by up to 90% at the average load of 5 kN. 
The effect of increasing the mean load leads to early and catastrophic failure as will 
be discussed later. The trend line can be described in terms of an exponential equation 
more than linear, with slope of R² = 0.8712. In the lower load, the predominant failure 
is due to the difference between the maximum and minimum load level (R), since it is 
generally possible to notice the occurrence of micro- cracks moments ahead of the 
final failure. The failure in the case of the increase in the mean load value is due to the 
strength of the high tensile forces, where 5 kW is close to 50% of the ultimate load 
value recorded in the case of tensile tests by the authors in a previous paper [32] and 
similar fracture pattern in this case tensile test are observed. 




Figure 8. 5. Mean load influence on the fatigue life of adhesively bonded SLJ.  
 
From the observation of Figure 8. 5, the range of failure of samples in high loads is 
largely confined to area range not exceeding 20,000 cycles. In other words, the 
scattering is small, and this is identical to what has been found previously by axial 
shear tests. The lower the load levels, the higher the scattering and the expansion of 
the scope of the duration of the extension of more than hundreds of thousands of 
cycles. This is logical and somewhat acceptable because the materials are not identical 
and do not have homogeneous characteristics, giving the feeling that factors other than 
the mean load overlap to determine the final lifetime of fatigue [202]. 
 
8.3.2. Frequency influence on the fatigue life of SLJ. 
The effect of frequency change on stresses generated by dynamic loads is significant 
for joints where adhesives are used. The reason is the rapid change in frequency may 
generate residual stresses because of the previous cycle of loading. In other words, the 
material does not recover all its mechanical properties before the next cycle, which 
generates a kind of inflexibility because of fast expansion and contraction. Thus, the 
internal thermal stresses, residual stresses occur and then the failure of the joint at the 
rate number of cycles is less than if a lower frequency is used. Figure 8. 6 shows the 
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Figure 8. 6. Fatigue life as function to loading frequency level for a CFRP/AL single 
lap joint. 
It can be observed that if the frequency is low, the failure can occur in a wide range of 
fatigue cycles, while at the high frequency levels the failure is concentrated in a limited 
range of cycles. Again, as mentioned earlier, failures in low loads and low frequencies 
can be driven by factors that have more influence than frequency or load. The failure 
in high loads or high frequencies is primarily due to the load and frequency in a large 
scale and not to the overlap of other factors. 
8.4. UV parameters influence on fatigue life of SLJ.  
In this section, UV parameters such as exposure duration, intensity level and associated 
temperature will be experimentally investigated. The result will be used to support the 
research arguments about the possible role UV can play in defining the fatigue life of 
adhesively bonded SLJ of CFRP/Al. 
8.4.1. Influence of UV exposure duration.  
Looking at Figure 8. 7 we can see that the exposure time has a clear effect on the 
fatigue life. By increasing exposure duration, the fatigue life is reduced, and the failure 
occurs in a wider range of fatigue cycles. 
There is a 0.4% reduction from baseline after 40 hours of UV exposure and then this 
increases to 2% after 80 hours to become, after 160 hours of exposure, just under 12%. 
This shows that the time of exposure is important and can have a cumulative effect 
over time as the UV has an irreversible influence on the chemical and mechanical 
properties. The trend line can be described as a linear relationship and these results are 
aligned with [69, 172, 203] conclusions. 



















Cycles Nf  




Mean load = 5kn 




Figure 8. 7. Fatigue life as a function to UV exposure duration. 
8.4.2. UV exposure level and elevated temperature influence. 
The influence of the UV exposure level and elevated temperature can be seen in     
Figure 8. 8. It can be observed that the effect of ultraviolet light intensity has a limited 
influence on the fatigue life, but this change cannot be ignored, due to that the active 
layer that generates the adhesion strength between the surface of adherents and 
adhesive material does not exceed the 6- 10 molecules at best [146]. This gives an idea 
of how sensitive such applied research is. In the basic case, after the first and second 
doses, we note that the fatigue life is confined within a range of less than 10000 cycles 
and with more regular distribution, the higher the intensity of the radiation. Due to the 
effect of the heat associated with the radiation and the rise in temperature from 400 C 
to 600 C, the fatigue life of the bonds decreased significantly and contributed to failure 
on a wider scale of the number of cycles. This gives the impression that the temperature 
has a higher effect than the intensity of the UV radiation. 
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Figure 8. 8. UV exposure level and elevated temperature influence on the fatigue life 
 
8.5. Temperature due to fatigue loading.  
Thermal distribution of the fatigue loaded samples are presented in this section. There 
is a fear of an excessive increase in the joint temperature due to the loading conditions 
such as mean load and frequency. These fears are justified as the adhesive material 
may lose their initial mechanical properties such as stiffness and shear strength with 
temperature increasing to around the glass transition temperature Tg.   
Figure 8. 9 shows the thermal distribution of different samples, (a) for first 10 minutes 
of 3 kN load and 5 Hz frequency, case (b) is the temperature after 20 minutes of 4 kN 
load and 5 Hz frequency, case (c) is the temperature distribution of 5 kN, 15 Hz after 
40 minutes, and the last case is the temperature distribution of a sample loaded by 5 
kN and 15 Hz after 120 minutes. The measurement settings explained in Figure 8. 4 
were 5 points chosen carefully along the joint as shown in Figure 8. 10 as these points 
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Figure 8. 9. Temperature distribution of different samples at different times 
 
Figure 8. 10. The chosen points of temperature measurement and 3D thermal 
distribution  
The effect of heat generated by stress cannot be neglected or overlooked even if it is 
limited. This is due to the sensitivity of the adhesives and the thickness of the layer 
that binds the adhesive to the surface of the carbon fibre or the surface of the 
aluminium in this case. The thickness of this layer does not exceed 5- 10 molecules at 
best [146], as shown in Figure 8. 11. Therefore, the increase in temperature by two or 
three degrees could somehow be significant and if five degrees are exceeded, the effect 



































18 20 22 24 26 28 30 32 34 36 38 40
(b)
Tmep. C0














Aluminium 1- AL1 
Aluminium - AL 
CFRP - CF 
CFRP 1 – CF 1 
Adhesive - AD 
Adhesive - AD 




Figure 8. 11. Interface area thickness compared to the total thickness of the adhesive 
material [146] 
8.6. Fracture modes analysis.  
The fractures obtained from dynamic tests of adhesively bonded joints are generally 
different from traditional bonding methods. The sudden fracture without any 
substantial time for stretching makes the fracture-tracking process extremely difficult 
and complex. The main reason is that in such a type of adhesive (epoxy-based 
adhesives), it is not possible to know which crack is the dominant crack that leads to 
the final breakage. Despite the difficulty of predicting the fracture path, overall the 
determination of the fracture starting points, and the break propagation rate can be 
studied from fracture tracking after the test is completed. Crack (s) initiation point (s) 
and the spread front direction (s) can be identified, and this will determine the type of 
fracture according to the known standard specifications. The nature of the failure 
modes in the joints which is one or both adherents are composite materials is radically 
different from the modes of failure in the case of the two adherents being metals.  
 
Figure 8. 12. Possible fracture scenarios at the adhesive joints, (a, b, c) if one of the 
substrates are made of composite materials, (d, e, f) if both sides made of metals. 
In the fact that the two ends of the metal joints do not exceed the limits of the adhesion 
(interfacial between the adhesive material and adherents) case (d)- Figure 8. 12 or 
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cohesion (within the adhesive material) case (e)- Figure 8. 12 or most likely mixed 
modes case (f)- Figure 8. 12 [94, 101, 115].The fracture modes in the case that one end 
of the joint is made of composite materials such as carbon fibre is more complex and 
therefore the failure models that describe the failure of the previous case cannot be 
applied here,  see Figure 8. 12 cases (a, b and c). The failure may be a mixture between 
the two previous cases, but in addition, the fracture also occurs within the composite 
materials and therefore the fracture is compounded and not governed by any model to 
predict the fracture progression[113, 204]. Determining the fracture pattern is an 
urgent and a future need to give a wider opportunity for the composite materials to 
expend into more complex applications than currently used. 
From the observation of the fracture pattern in the tested samples, it can be said that 
the beginning of the fracture was largely concentrated at the free end of the joint and 
at the edge of the carbon fibres as in cases (a, b, c)- Figure 8. 12. This is due to the 
difference in the bond’s strength between the carbon filaments that are in contact with 
the adhesive layer on the one side and from the other side in contact with the epoxy 
based dominated matrix as shown in Figure 8. 13.  
Figure 8. 13. fracture types that occur inside the CFRP and the adhesive material 




Therefore, the failure occurs in the bound between the CF filaments and the epoxy 
matrix and leads to irregular rupture and dislocation on the fibres from the epoxy 
dominated matrix. Figure 8. 13 (a) shows the failure at the back ends where gradual 
rupture along the bond line occurs. Figure 8. 13 (b) shows the fracture at the free edge 
of the CFRP and the removal of the surface layers that were in contact with the 
adhesive material. In case (c), the dislocation of the CF threads is visible, (d) shows 
the kind of cracks inside the adhesive material.  
8.7. Summary.  
This chapter has been a unique chance to experimentally investigate the influence of 
the UV exposure on the fatigue life of such a combination of SLJ. It is the first time to 
take the experimental investigation to this level of factors in a very ambitious 
investigation plan.  
The influence of the UV parameters is experimentally quantified over the fatigue life 
of SLJ. This is the first time such a study to quantify the UV parameters such as 
exposure duration, radiation intensity and associated temperature has been conducted.  
The contributions can be stated here as:  
From a mechanical perspective, changing the shape of the load wave leads to a 
significant change in life expectancy and the fracture modes. The increase in the 
difference between the highest and the lowest load level leads to a longer period of 
expansion and shrinkage of the original form. This means the possible thermal 
generation relatively occurs due to internal friction in the adhesive or between the 
adhesive and the substrates surfaces. Reducing the difference between the maximum 
and minimum load level leads to a faster expansion and shrinking to the original form. 
Also means less time to dispose of the effect of stresses remaining from the previous 
cycle and ultimately leads to a faster failure. 
 
For the UV radiation parameters, the influence of UV radiation level is relatively small 
compared to the mechanical factors. Although high radiation duration and high 
radiation intensity level can have similar influence as temperature due to the fact the 
UV radiation has a cumulative and irreversible influence on the different materials of 
the SLJ. Meanwhile, we have seen that the associated temperature can have a higher 
influence on the fatigue life than only exposure duration or radiation intensity.  
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Fracture modes due to fatigue are totally different from the static tests. The fracture 
starts at the CFRP free edge in most of the cases and can spread inside the adhesive 
material or the CFRP causing irregular rupture inside the CFRP matrix or it can be 
simply interfacial failure modes between the adhesive material and the aluminium side. 
No interfacial failure mode was observed between the CFRP and the adhesive 
materials








9. Conclusions, contributions and future work. 
 
n this thesis, factors affecting the efficiency of adhesive joints between aluminium 
and carbon fibre sheets were investigated experimentally. The analysis focused 
on the influence of ultraviolet radiation on the efficiency of the joint taking into 
consideration the factors that determine the ultraviolet radiation such as time, the 
intensity and the associated temperature. For the research to come out with consistent 
results, the factors that give consistency to the results must be identified, so the effect 
of the surface treatments has been examined to control the joint strength and the 
fracture modes to form a baseline for the further investigation of the ultraviolet 
radiation in the chapters that followed the initial work. Then, to complete the story of 
the UV effect, additional research has been conducted on the efficiency of the joints 
under fatigue loading conditions.  
In this chapter, the most important conclusions will be presented, the originality and 
relevance of the current research outcomes will be highlighted, and the most important 
contribution that have been made will be stated, with recommendations on future work 
in this research area. 
9.1. Main conclusions.  
The most important conclusions reached in the present research can be summarized as 
follows:  
1. For studies to be consistent and to have non-dispersed results, consideration 
should be given to the factors that give joints their stability. The most important 
factors that brings stability to the joints is the surface treatments.  
2. Mechanical surface treatments for aluminium can be considered as fast, 
uncomplicated and environmentally friendly treatments as well as producing 
excellent results in terms of stress and fracture modes. Laser-treated processors 
I 




are the best solution when doing the surface treatments at the carbon fibre 
surface in condition of using the right combination of speed and intensity of 
treatment to cause minimal harm to the CF threads.  
3. The increased exposure time to ultraviolet radiation is likely to weaken the 
material in the joint in varying proportions, and the most affected components 
have been tested individually.  It also leads unevenly to the joint degradation, 
surface irritation of the CFRP and the adhesive materials alike.  
4. The increased intensity of ultraviolet radiation also leads to a weakening of the 
join and the materials involved in its installation in the joint. There are also 
other effects, such as a change in surface appearance or chemical surface 
structure, which generates cracks that lead to failure with relatively lower 
levels of stress and affecting the fracture modes.  
5. When the temperature associated with ultraviolet radiation was raised, the 
results from the various samples indicated significant changes in the pattern of 
main mechanical properties such as stress-strain or force-deflection as well as 
the fracture modes and fracture mechanisms. This change is relatively 
proportional to the coefficients of thermal expansion of the various substances 
that have been tested.  
6. Changing the carbon fibre layup settings has a significant and noticeable effect 
on both the shear stress resistance and the fracture modes of the SLJ samples, 
as well as tension stress and strain of the carbon fibre samples. Unidirectional 
carbon fibre layup setting has shown a much higher tensile strength than that 
of 450 and 900 samples, and at the same time it showed higher shear resistance 
for single lap joint samples. 
7. The results of the dynamic investigations have shown that the fatigue age 
decreases with the increase in UV exposure duration, radiation intensity and 
associated temperature. Mechanical factors also have obvious effects. 
Therefore, the control of the fatigue age is not easy because of the complexities 









9.2. Main contributions.   
The main contributions to the knowledge in this research will be summarised, in 
addition the significance of the experimental investigation will be highlighted. 
1- Contribution one.  
The first contribution of this research is to study the best way to stabilize the 
strength of the joint and control the fracture modes by adopting special surface 
treatments for both aluminum surface and carbon fibre. Although many studies 
have been made in this area, however, this work remains one of the few times that 
industrial lasers have been used to treat the surface of carbon fibre and have 
provided a vision of its usefulness and delivery in a practical, easy and 
uncomplicated way. The fundamental importance of this aspect is to isolate the 
influence of factors that interfere with environmental variables to make the effect 
only due to the factors to be considered in the subsequent chapters, namely, 
ultraviolet radiation in this case. 
2- Contribution two.  
The study of the effect of ultraviolet radiation as one of the factors that weakens 
the adhesively bonded single lap joint is a major challenge and a very important 
contribution because of the lack of researches on this scientific aspect, especially 
from a mechanical point of view. The very limited number of such studies 
illustrates the need to fill the scientific gap in this regard. 
Exposure time is one of the most influential factors, especially if consideration is 
given to isolating the overlapping of other factors, including the effect of surface 
treatments (the previous point). The study of the impact of exposure time should 
take into consideration the various materials that are included in the assembling of 
the single lap joint. Additional experiments have therefore been designed to study 
the impact of solar radiation on individual substrates. The results of the 
experiments on the various materials individually matched to a large extent with 
the results of the combined material forming the SLJ. 
3- Contribution three.  
This study of the impact of the intensity of solar radiation (ultraviolet) is one of the 
first researches to take into consideration mechanical properties. The effect of 
radiation intensity is quite different from the effect of exposure time only. The 
different samples have shown varying responses individually compared to the 
response when tested as adhesively bonded single lap joint. This disparity has 
made it clear that it is important to conduct individual experiments on the materials 




involved in the installation of the single lap joint. There was a perception that the 
effect of radiation intensity was due to the longer exposure, but the test results 
showed that the radiation intensity had a different effect on the mechanical 
properties and gave validity to the directions adopted in the current research. 
4- Contribution four. 
The study of ultraviolet radiation associated temperature is certainly a new subject 
that has not been explicitly or directly addressed in any of the previous research. 
This is a very important contribution to the research knowledge in this particular 
area. It was necessary to go to systematic engineering tests to demonstrate that the 
effect of the associated temperature of high radiological level has a very significant 
and blurred effect. There are many who perceive that the effect is similar to the 
effect of the individual heat independently of UV rays.  The results show no doubt 
that raising the temperature associated with ultraviolet radiation is 
counterproductive for single lap joint samples where the stress values have risen 
but on the other hand the stain values have been very much decreased. The same 
situation was repeated in the other types of the sample and this is quite opposite to 
what we have seen at lower temperatures. It can be said that the temperature 
influence in static experiments differs from that in dynamic experiments as will be 
illustrated in the next point.  Statically, the accompanying temperature has given 
higher stress resistance, while we have seen a significant decrease in the fatigue 
life of the joint. 
5- Contribution five.  
Identification of the efficiency of the joints by dynamic loads after exposure to 
ultraviolet radiation with different scenarios of exposure is considered to be an area 
previously addressed only by a limited number of researches. This point is 
considered to be the most important contribution because it has taken into 
consideration the impact of numerous mechanical variables and environmental 
operational factors. The results show that the samples are losing their operational 
life by increasing the exposure time to ultraviolet radiation and their operational 
life is also reduced due to the increased dynamic load frequency and when the 
mean value of the load is increased. The results showed that at the same level of 
radiation, the amount of temperature rise is causing a pronounced decrease in the 
fatigue age, and it is beyond doubt that the fracture patterns due to fatigue loading 
are radically different from what was seen in the static loading condition. This is a 




milestone and an important addition in distinguishing the fracture pattern based on 
the load condition to which the joints are exposed. 
 
9.3. Limitations and recommendations for future work  
Without any doubt that in every academic research work there are some limitations 
and determinants that prevent the picture from being absolutely complete and clear. 
The reason why is because too many variables overlap that may greatly influence the 
research outcomes. This is why the researcher should identify the shortcomings and 
what should be avoided in the future work of those interested in this area. On the other 
hand, the conclusions reached in the current research could be the basis and the starting 
point for additional directions that have emerged because of the observations, 
conclusions and concepts that were formed during the current research. As a result, 
giving future proposals based on limitations or positive results is a fundamental ethical 
responsibility of scientific research to reduce the effort and time of subsequent 
researchers. 
During the current research, there are some essential recommendations that can be 
summed up in the following points: 
1- The UV mode and type are critical factors in the damage resulting from 
exposure to such radiation. Other factors that need to be considered in this area 
are to include the surface absorption ability of the samples and the relationship 
of the surface-absorbed rays with mechanical properties. this could be the 
starting point for a range of future experiments, especially when these 
substances are highly absorbent because of their chemical composition, color, 
or surficial features. 
2- The mechanics of degradation of UV rays requires an extra effort 
experimentally with support by appropriate mathematical analyses. So far there 
is no actual model in line with the general effects as well as the special UV 
rays influence on many types of engineering materials especially modern 
materials such as carbon fibre or adhesive materials. Therefore, research in the 
field of providing mathematical models based on empirical information from 
the current research would be a very important and useful addition in this 
regard. 
3- Practical experiments, while important, were limited to only one type of 
adhesives and only one thickness. Although many researches have touched on 
changing the thickness and length of the bonding area, however, the study of 




the impact of the change of dimensions, taking into consideration the proposed 
operational factors such as ultraviolet radiation and heat, is important based on 
the behaviour of the adhesive, which changes with the thickness of the samples. 
This point may have important returns that give the perception of the dimension 
ratio to overlap in such type of joints. 
4- The durations of exposure that are chosen in the current research reflects an 
acceleration of 92% of the natural sunlight exposure. It is proposed that there 
should be broader scope and longer time to cover a period of exposure 
extending to more than one or two times the rate of natural solar radiation. This 
will allow the building of perceptions based on the long-term that are different 
from those inferred in the current research. Findings based on the short-and 
medium-term exposure accompanied by some limitations to extrapolate the 
samples behaviour for the long term because the failure mechanism will change 
as time changes. 
5- The current search is limited to one type of fatigue loading mode, which is 
constant amplitude fatigue loading. It is likely that the results of dynamic tests 
will be measurably different when using a variable amplitude load pattern that 
represents the natural state of vibration in practical engineering such as in cars 
or aircrafts. 
6- Although the current research focused on the effect of UV rays on mechanical 
properties, the study of the physical characteristics such as the absorption of 
the materials of UV rays and their potential effects may be an important point 
to deepen through future research.  
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